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ABSTRACT 
Sorghum bicolor (L) Moench is a cultivated and self-pollinated species used traditionally for 
human consumption, livestock feed and forage production. Recently, sorghum has received 
attention as a bioenergy crop because of its high water use efficiency, yield biomass 
potential and biomass composition. To develop superior sorghum inbred lines for bioenergy 
production, it would be beneficial to understand the genetic mechanisms controlling plant 
architecture traits. Sorghum presents a remarkable diversity in the species bicolor that can 
be exploited to identify new genes associated with those traits of interest. Brassinosteroids 
(BR) are steroid hormones that control different aspects of plant growth and development. 
Brassinosteroid biosynthesis and signaling pathways have been studied in model species 
such as Arabidopsis, rice and maize, but not in sorghum. 
 
In this study, candidate gene association mapping and a diverse sorghum collection of 315 
accessions were used to assess marker-trait associations between BR biosynthesis and 
signaling genes and eight plant architecture traits. Phenotypic data for plant height, leaf 
angle, stem circumference, panicle exertion, panicle length, number of tillers, number of 
internodes and flowering time was collected in three locations in Iowa in 2010 and 2012. 
 
Using 702 genome-wide single nucleotide polymorphisms (SNPs), population structure was 
determined as five subpopulations that corresponded to three major races Caudatum, 
Durra and Kafir and the two intermediate races Guinea/bicolor and Guinea Caudatum (west 
Africa). Coefficient of co-ancestry was also estimated to account for the degree of ancestor 
relatedness. 
 
x 
 
A total of 82 SNPs markers out of 263 SNPs present in 19 BR candidate genes were 
significantly associated with seven phenotypes of interest, confirming the genetic 
complexity of the traits. Nineteen markers were found associated with more than one 
phenotype, showing possible pleiotropic effects of BR candidate genes on plant 
architecture phenotypes.  Differences in one or few genes are expected to have an effect 
on more than one trait.  Moreover, the effects of associated markers over phenotypes were 
consistent with phenotypic correlations, which provide more support to our findings.  
 
This study constitutes the first association analysis for plant architecture traits with BR in 
sorghum. It contributes to understand the effect of BR candidate genes on sorghum plant 
architecture and generates molecular tools that can be used to improve sorghum lines for 
biofuel production.  
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CHAPTER 1 
GENERAL INTRODUCTION 
During the last decade there has been a considerable interest in identifying different 
sources of energy that can help to replace or decrease the use of petroleum based fuels 
with those derived from other sources, mainly plants and microorganisms. Due to the 
benefits that biofuels offer in the near future and the increasing demand, the government 
of the United States has supported the research and development in the biofuel field. In 
June 2007, the U.S. Department of Agriculture (USDA) and the U.S. Department of Energy 
(DOE) announced that up to 18 million dollars were available for research and development 
of biomass-based products, biofuels, bioenergy and related processes (US Department of 
Energy, 2007). Since then, more efforts have been made to find and improve crops that 
have the potential to increase the biomass and biofuel production. Sorghum (Sorghum 
bicolor L. Moench), the fifth most widely grown and produced cereal crop in the world, is 
considered a promising alternative crop for biofuel production (Rooney et al., 2007). 
Sorghum possesses characteristics that are attractive for this use, such as: high yield 
potential, high water use efficiency and drought tolerance, well developed production 
systems, its C4 photosynthesis system that increases net carbon assimilation, and the 
available genetic variation that makes possible the improvement of this crop for biofuel 
production (Rooney et al., 2007; Paterson et al., 2009). 
 
During the green revolution, ensuring food security was a priority. To accomplish this 
objective, high yield and short-uniform plants were preferred to increase productivity, 
facilitate mechanical harvesting and prevent production loss (Sakamoto and Matsuoka, 
2004).  Currently, increasing biomass from bioenergy crops is as important as ensuring food 
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security. Therefore, it has become important to shift the paradigm of preferring short 
cultivars to developing tall plants with high biomass yield (Salas Fernandez et al., 2009). 
Breeders are called to modify plant architecture traits to obtain high biomass varieties. The 
new challenge is to understand the genetics responsible for those traits and the application 
of that knowledge in future breeding programs. 
 
Plant hormones such as auxins, gibberellins, cytokinins, ethylene, abscisic acid and 
brassinosteroids (BR) play an important role in the growth, development and architecture 
of plants (Taiz and Ziger, 2010). Brassionsteroids are the most recently discovered group of 
steroid hormones that control and regulate important plant traits such as germination, 
fertility, stress tolerance and plant architecture (Steffens, 1991; Taiz and Ziger, 2010). 
Biosynthesis and signaling BR pathways have been broadly studied in model pants such as 
Arabidopsis, rice and barley, but not in sorghum (Asami et al., 2000 and Yin et al., 2002; Divi 
and Krishna, 2009; Taiz and Ziger, 2010; Gruszka et al., 2011). 
 
Association analysis, known as linkage disequilibrium (LD) mapping, can be used to 
understand genetic effects over specific phenotypes. This is a method that identifies 
associations between markers and specific phenotypes (Flint-Garcia et al., 2003). Linkage 
disequilibrium can be affected by several factors, such as recombination rates, mutations, 
genetic drift and reproductive mode (Flint-Garcia et al., 2003; Gaut and Long, 2003). 
Sorghum is mainly a self-pollinated crop that presents a slower decay of LD than 
outcrossing species due to differences in recombination rates (Morris et al., 2003; Gaut and 
Long, 2003). According to Morris et al. (2013) sorghum LD decays over 150 Kb (r2 < 0.1). 
However, for the sorghum association panel used in this study LD decays on average 350 Kb 
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at an r2 inferior to 0.1 (Morris et al., 2013). Because sorghum presents a high LD, it is 
difficult to identify a single causal polymorphism associated with a phenotype. 
Consequently, it is more likely to identify a group of markers in high LD associated with the 
traits of interest. 
 
There are two alternative approaches in association mapping studies: genome-wide 
association studies and candidate-gene association mapping. Genome-wide association 
refers to a genome scan that seeks causal genetic variation using a large number of markers 
across the genome (Shehzad et al., 2009). Alternatively, candidate-gene association 
mapping relates polymorphisms in selected genes that are known to affect a particular 
phenotype. Candidate genes are selected from mutational analysis, biochemical pathways 
defined in other model species or other linkage studies (Zhu et al., 2008).  
 
The main objective of this study is to test associations between plant architecture 
phenotypes and allelic variations in BR candidate genes found in a diverse sorghum 
association panel. The ultimate goal is to identify markers that can be incorporated into 
future sorghum breeding programs.  
To achieve this goal, specific objectives have been established: 
• To collect phenotypic data in the diverse sorghum collection  
• To identify sorghum candidate genes in the BR signaling and biosynthesis pathways 
• To determine population structure and relatedness 
• To perform association analysis between phenotypes and SNPs in BR candidate 
genes 
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CHAPTER 2.  
LITERATURE REVIEW 
General Description 
Sorghum is a member of the tribe Andropogonae of the grass family Poaceae that is 
characterized by spikelets borne in pairs (Velmerris, 2008). Although this species is treated 
as an annual plant, it grows as a perennial species in the tropics, that can be harvested 
many times (FAO, 1995). Sorghum is known under a variety of common names such as: 
great millet, milo, milo-corn, guinea corn, kafir corn, jowar, etc. (FAO, 1995). It is one of the 
most important cereal grain crops in the world. It is particularly grown in the semi-arid 
tropical and subtropical regions of the planet, where the biotic and abiotic stresses are 
common and restrict the production of other cereals (Rooney, 2004).  
 
All of the cultivated sorghums are classified as Sorghum bicolor subspecies bicolor, which 
have ten chromosomes (n=10) and most of them are diploid (2n=20), with some members 
being polyploids (Rooney, 2004 and Price et al., 2005). The sorghum genome contains 
about 730 Mb and 24% of the genes are grass-specific genes (Paterson et al., 2009; Bedelle 
et al., 2005). Sorghum bicolor subspecies bicolor includes a wide diversity of races and 
working groups with a significant variation in many important traits. The plant is a grass 
that can reach up to 5 m in height, the root system is fibrous and can penetrate up to 2 m in 
the soil, and leaves can be up to 90 cm long and 12 cm width (Rooney, 2004). The 
inflorescences develop from the top to the bottom and there are wide differences in the 
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shape and size of the panicle and spikelet, as well as differences in the color of glumes and 
seeds between races and working groups (Rooney, 2004).  
 
Worldwide, the total area planted with sorghum has increased by 66% over the past 50 
years and yield has increased by 244% (Stroade and Boland, 2004). In 2011, the main 
sorghum producers in the world were Nigeria (12.6%), Mexico (11.2%), India (11.2%) and 
the United States (10.0%). The United States is the leading exporter of sorghum grain, with 
total exports valued at $948.6 million (FAS-USDA, 2012). During 2011 sorghum was planted 
in 14 states, being Kansas the major producer with 52% of the national production followed 
by Texas with a 26%. Moreover, the price of sorghum has increased from $127/t in 2009 to 
$240/t in 2011 mainly because of its use for ethanol production (NASS- USDA, 2012; FAPRI-
University of Missouri, 2012). 
 
Sorghum is grown for many different purposes depending on the geographical region and 
human necessities. It has been generally classified in three groups: grain sorghum, sweet 
sorghum and forage sorghum. Grain sorghums are used for human consumption in low-
income countries, while in high-income countries it is used for livestock feed (Stroade and 
Boland, 2004) and for ethanol production (Ananda et al., 2011). Sweet sorghums have 
stalks with a high concentration of soluble carbohydrates and can be used for silage, syrup 
and biofuel production (Goff, 2010). Forage sorghums have lower stalk sugar content 
compared with sweet sorghums, and are used as silage, hay and biomass source for biofuel 
production (Stroade and Boland, 2004). 
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Sorghum as a Bioenergy Crop 
The term “biomass” refers to any plant organic matter accumulated by photosynthesis 
conversion and it is mainly composed of structural and nonstructural carbohydrates (Goff, 
2010; Lau et al., 2006). Biomass is a versatile energy source that can be stored and 
transformed into liquid fuel, electricity, and heat through various processes (Lau et al., 
2006).  
 
Nonstructural carbohydrates, such as the sugar present in stems, grains and fruits, are the 
easiest compounds to ferment by microorganisms in order to obtain ethanol. However, 
they are mainly used for human consumption and they do not represent the highest 
concentration of carbohydrates in the plant.  Structural carbohydrates, present in the cell 
wall, are major components of biomass (Velmerris, 2008). The most important structural 
carbohydrates in sorghum are: cellulose, hemicellulose and lignin (Dolciotti et al., 1998). 
Lignin is part of the lignocellulosic matrix complex in the cell wall and a limiting factor in 
biofuel production by fermentation because it has low digestibility and reduces the 
enzymatic activity (Brown, 2011). Therefore, new technologies have been developed in 
order to increase the use of structural carbohydrates for biofuel production. One possibility 
is to break the lignin cell wall and disrupt the crystallization of cellulose through an effective 
pretreatment process such as non-catalytically steam explosion, pH-controlled hot water 
and acid or ammonia treatments. Fast pyrolysis is another alternative that produces resins 
as byproducts of the lignin conversion process into bio-oil (Brown, 2011).  
 
7 
 
There are four main factors that indicate sorghum has potential as a bioenergy crop: (1) Its 
high yield potential and composition; (2) Its high water use efficiency and drought 
tolerance; (3) its established production system; and (4) its excellent potential for genetic 
improvement using both traditional and genomic approaches (Rooney et al., 2007). 
Additionally, sorghum is a C4 photosynthesis crop, with biochemical and morphological 
specializations that increase net carbon assimilation at high temperatures and therefore, it 
has high biomass production levels under those conditions (Paterson et al 2009). 
 
Plant Architecture and the Role of Plant Hormones 
Plant architecture can be defined as the organization of plant components, their shapes, 
sizes and orientations (Godin et al., 1999). Plant architecture is inﬂuenced by environmental 
factors such as light intensity, time of light, temperature, humidity, soil chemical 
composition, plant density and competition, etc. However, plant architecture is essentially 
determined by the genotype of the plant (Wang and Li, 2008). 
 
Interest in modifying plant architecture started during the green revolution where short- 
uniform plants, lodging-tolerant and with high grain yields were desirable for mechanical 
harvest (Sakamoto and Matsuoka, 2004). Conversely, with the new interest in using plants 
as a lignocellulosic feedstock for bioenergy production, it has become important to shift the 
paradigm and breed for tall plants with high biomass yield. (Salas Fernandez et al., 2009). 
Plant architecture traits such as leaf angle, number of internodes, stem circumference, 
number of tillers and plant height are of interest because they seem to be directly 
responsible for maximizing the vegetative tissue per se (Salas Fernandez et al., 2009). 
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Plant hormones play important roles in plant development, growth and fertility. They are 
also responsible for plant architecture phenotypes (Taiz and Ziger, 2010). Hormones are 
chemical messengers produced in one cell or tissue that modify cellular processes in 
another target cell or tissue by interacting with specific protein receptors (Taiz and Ziger, 
2010). In plants, hormones responsible for plant development are auxins, gibberellins, 
cytokinins, ethylene, abscisic acid and brassinosteroids (BRs). Steroid hormones have been 
studied and characterized in animals, but they have been recently discovered in plants. 
According to Steffens (1991), the identification of plant steroid hormones took thirty years 
until the novel growth promoting substances were isolated and characterized. Plant 
steroids have, in general, growth-stimulating activity and are the focus of this study. 
 
Brassinosteroids 
Steroids hormones, BRs, were first discovered in organic solvent extracts of pollen from 
rapeseed (Brassica napus L.) and were thus named brassins. They have been associated 
with the control and regulation of important plant traits such as plant architecture, 
germination, fertility, and stress tolerance (Taiz and Ziger, 2010). The biological effects of 
BRs on plant architecture have been studied and documented in different model species 
such as Arabidopsis thaliana (Creelman and Mullet, 1997; Asami et al., 2000 and Yin et al., 
2002), rice (Divi and Krishna, 2009; Taiz and Ziger, 2010), and barley (Divi and Krishna, 2009; 
Gruszka et al., 2011), but no work has been done in sorghum. Genes in the BR biosynthesis 
and signaling pathways have been associated with traits like plant height (Clouse, 1996; 
Mandava, 1988; Taiz and Ziger, 2010), leaf length and shape (Yin et al., 2002; Clouse, 1996; 
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Mandava, 1988), leaf angle (Divi and Krishna, 2009; Taiz and Ziger, 2010), flowering time 
(Ziger, 2010), and abiotic-stress tolerance (Divi and Krishna, 2009). The isolation and 
characterization of BR-deficient and BR-insensitive mutants has been extensively used to 
characterize the biosynthesis and signaling pathways in detail. Deficiency mutants are the 
result of lesions in genes encoding for BR biosynthetic enzymes that are rescued to the wild 
type phenotype by exogenously supplied BRs. Insensitive mutants result from lesions in 
genes encoding for receptors of BRs or other enzymes involved in the BRs signal 
transduction pathway. The BR-insensitive mutants cannot be rescued by an exogenous 
source of BRs although the mutant phenotype is the same as BRs-deficient mutants (Clouse 
et al., 1996; Szekeres et al., 1996; Choe et al., 1998; Yin et al., 2002;  Pereira-Netto, 2007). 
 
Biosynthetic Pathway 
According to Fujioka and Sakurai (1997), BRs are C27, C28, and C29 steroids depending on 
their C-24 alkyl substituents, being Brassinolide (BL) the most biologically active C28 BR. 
Approximately 60 phytosteroids have been characterized including castasterone (CS), the 
direct precursor of brassinosteroids that shows weak BR activity (Fujioka and Yakota, 2003; 
Taiz and Ziger, 2010). 
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Figure 1. Brassinolide (BL) with carbon numbering (Fujioka and Yakota, 2003). 
 
Metabolic studies in Arabidopsis thaliana suggested parallel BL pathways, being the late 
and early C-6 oxidation pathways the most studied (Fujioka and Sakurai, 1997; Sakurai, 
1999; Fujioka and Yakota, 2003). There is evidence that both pathways coexist and are 
linked at different points not only in A. thaliana, but also in other species such as 
Catharanthus roseus (Fujioka and Sakurai 1997), pea (Nomura et al., 1997) and rice (Hong 
et al., 2002). The biological significance of having two linked pathways is unknown but it is 
believed to provide an advantage under stress conditions (Taiz and Ziger, 2010).  
 
The complex biosynthetic pathway starts with campesterol being converted to campestanol 
through the enzyme DEETIOLATED2 (DET2). Campestanol is converted to 6-
oxocampestanol, which is converted into CS through the early C-6 oxidation pathway. The 
final step is the conversion of CS into BL (Fujioka and Yakota, 2003). Although DET2 is 
usually the first enzyme that participates in the modification of campesterol, sometimes the 
enzyme DWARF4 (DWF4) can act before DET2. When DWF4 modifies campesterol first, it 
incorporates a hydroxyl group in the carbon 22. This route is called Early C-22 oxidation 
pathway that ends with the formation of 6-deoxocathasterone that will be converted in CS 
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through the late C-6 oxidation pathway (Figure 2). After DWF4 converts campesterol into 
22-hydroxy campesterol, CPD/P90A1 catalyzes the C-3 oxidation and produces 22-hydroxy-
4en-3one, which is then converted into 22 hydroxy-3-one by DET2 (Figure 3). It is important 
to mention that DWF4 can modify any other intermediate compound downstream from 
DET2 catalyzed reactions. (Fujioka and Yakota, 2003). 
 
The early C-6 oxidation pathway starts with the conversion of campestanol (CN) into 6-
oxocampetanol (6-oxoCN), which is then converted into cathasterone (CT) by DWF4. CT is 
then converted into teasterone (TE) by CYTOCHROME P450 (CP450 /CYP90D1) or 3-EPI-6-
DEOXOCATHASTERONE 23-MONOOXYGENASE (ROT 3 /CYP90C1) activity, which is then 
converted into castasterone (CS) by ROT3. CS is one active BR compound which is catalyzed 
by BRASSINOSTEROID-6-OXIDASE 2 (BR6ox2) to produce BL (Taiz and Ziger, 2010; Fujioka 
and Yakota, 2003; Shimada et al., 2001). The late C-6 oxidation pathway, which is more 
complex, starts with the conversion of CN into 6-deoxocathasterone (6-deoxoCT) through 
DWF4 activity or through the early C-22 oxidation pathway. Then, CPD converts 6-deoxoCT 
into 6-deoxoteasterone (6deoxoTE), which is converted into CS by BR6ox1 or BR6ox2. At 
the same time, intermediate compounds of the late C-6 oxidation pathway can be 
converted into intermediate compounds of the early C-6 oxidation pathway. For instance, 
6-deoxocathasterone and 6-deoxoteasterone can be converted in cathasterone and 
teasterone respectively through the catalytic activity of BR6ox1 or BR6ox2 enzymes. 
Additional steps and enzymes that are involved in the BR biosynthesis pathway are listed in 
figure 3. 
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Figure 2. Biosynthesis pathway of Brassinolide from campesterol in A. thaliana  
(Fujioka and Yakota, 2003). 
 
The levels of BR are also regulated by biochemical processes that inactivate BL and the gene 
PHYB ACTIVATION-TAGGED SUPPRESSOR 1 (BAS1) in A. thaliana is a key component in the 
inactivation pathway (Taiz and Ziger, 2010). BAS1 encodes a member of the cytochrome 
p450 family, CYP734A1 (also known as CYP72B1), that is involved in the BR inactivation of 
CS and BL through carbon 26 hydroxylation as shown in figure 3 (Neff et al., 1999; Turk et 
al., 2003).  
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Figure 3. All enzymes and genes involved in BL biosynthesis pathway (Fujioka and Yakota, 2003; 
Shimada et al., 2001; Taiz and Ziger, 2010) 
 
Signaling Pathway 
The signaling cascade of reactions start with the interaction of BR with a cell membrane 
localized BRs Intensive 1 (BRI1) receptor-like kinase. In the absence of BRs, BRI Kinase 
Inhibitor (BKI1) binds and inhibits BRI1 function. Also, in absence of BRs, BR Intensive 2 
(BIN2), a GSK3-like kinase, phosphorylates BES1 and BZR1 family transcription factors and 
inhibits their functions by several mechanisms including protein degradation, reduced DNA 
binding, and/or cytoplasmic retention (Ye et al., 2011). This process is known as the 
inhibition of the BR signaling pathway. 
 
During the activation of the BR signaling pathway, BL binds to an extracellular domain of 
BRI1. This receptor consists of a leucine-rich repeat sequence (LRRs) with a specific BL 
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binding site. Once BL binds BRI1, a cascade of auto-phosphorilation events occur at multiple 
intracellular domains of BRI1 such as the kinase domain, the juxtamembrane (JM) chain and 
the C-terminal tail (Taiz and Ziger, 2010; Huber, 2013). When BRI1 is activated, 
homodimerization of BRI1 with BKI1 occurs (Wang et al., 2005a), which phosphorylates 
BKI1, and releases BRI1. Finally, active BRI1 associates with its co-receptor BRI1-Associated 
Receptor Kinase 1 (BAK1) (Wang and Chory 2006). BRI1 trans-phosphorylates and activates 
BAK1, which in response auto-phosphorilates itself and trans-phosphorylates and activates 
BRI1 at the juxtamembrane and C-terminal tail to fully activate BRI1 function (Ye et al., 
2011; Huber, 2013; Oh et al., 2010). 
 
Activated BRI1 phosphorylates other positive-acting substrates downstream of the signaling 
BR pathway (Figure 4). These important substrates include BRI1 Signaling Kinases (BSKs), 
TGF-β Receptor-Interacting Protein-1 (TRIP-1) and Transthyretin-Like protein (TTL) (Ye et al., 
2011). The proteins BSKs are members of the cytoplasmic receptor-like kinases (RLCKs) 
associated with plasma membrane. There are three known and homologous BSKs: BSK1, 
BSK2 and BSK3. BRI1 phosphorylation of BSK1 leads to its association with BR1 Suppressor 1 
(BSU1), which can function to inhibit BIN2 kinase (Ye et al., 2011). It is not completely 
known how TRIP-1 and TTL are involved in the pathway, but some studies provide evidence 
of their importance in the BR signaling pathway (Nam and Li, 2004; Tang et al., 2008). BRI1 
kinase domain phosphorylates TRIP-1 on three specific threonines (Thr) and TRIP-1 is 
associated with nuclear transcription factors to affect BR-regulated gene expression (Nam 
and Li, 2004; Ehsan et al., 2005). TTL interacts with BRI1 and it is considered a negative 
regulator of BR signaling (Ehsan et al., 2005; Tang et al., 2008; Ye et al., 2011). 
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Once BSKs are activated, they are released from the receptor complex and activate BSU1 by 
phosphorylation (Ryu et al., 2010; Kim et al., 2011). BSU1 is the protein responsible for the 
dephosphorylation of BIN2, causing its inactivation (Kim et al., 2011; Ye et al., 2011). 
Simultaneously, PP2A (Protein Phosphatase 2A) dephosphorylates BZR1/2 (Brassinazole 
Resistant 1/2) and together with BSU1 moves to the nucleus to interact with other 
transcription factors that regulate gene expression.  (Kim et al., 2011; Ye et al., 2011; Ryu et 
al., 2010). 
 
Figure 4. Proteins involved in the BR signaling pathway (Ye et al., 2011) 
 
Although the BR signaling pathway has been extensively studied using BRI1 as the main BR 
receptor, there are other BR membrane receptors such as BRI1-LIKE PROTEIN 1, 2 and 3 
(BRL1, BRL2 and BRL3) (Zhou et al., 2004; Caño-Delgado et al., 2004). BRLs are redundant 
with BRI1 in regulating Arabidopsis BR signaling pathway and they are thought to generate 
similar reactions in the activation of downstream proteins (Zhou et al., 2004). BRL1 and 
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BRL3, but not BRL2, encode functional BR receptors that bind BL with high affinity. Only 
BRL1 and BRL3 can rescue bri1 mutants when expressed under the control of the BRI1 
promoter (Caño-Delgado et al., 2004). The identification of these and other downstream 
proteins, such as BES1-INTERACTING MYC-LIKE PROTEIN 1 (BIM1) and PHYTOCHROME-
INTERACTING FACTOR 4 (PIF4) suggests that the BR signaling pathway is very complex and 
involves multiple enzymes and genes that are yet to be discovered. (Wang et al., 2012; Yin 
et al., 2005; Oh et al., 2012; Zhu et al., 2013). 
 
The importance of BRs on plant architecture traits 
Mutations on genes involved in BR signaling and biosynthesis pathways have been 
performed in Arabidopsis and, more recently, in rice. Stuies on those mutants have shown 
that BRs have an important effect on plant architecture phenotypes. In rice, BR-deficient 
mutants affect plant height, internode elongation, leaf angle, panicle structure, and 
flowering time. Mutants dwarf61 (BRI1), dwarf1, dwarf2 (CYP90D), dwarf4 and dwarf11 
have been reported as shorter plants because internode elongation was affected 
(Yamamuro et al., 2000; Hong et al., 2003; Hong et al., 2005; Sakamoto, et al., 2006; Tanabe 
et al., 2005). 
 
Rice plants with smaller leaf angle have been reported in mutants for the Arabidopsis 
homologous genes BRI1, DWF4, CYP90D (Hong et al., 2003; Hong et al., 2005; Sakamoto, et 
al., 2006; Sakamoto et al., 2013). Number of tillers was also affected by BR genes, e.g., it 
increases in dwarf11 mutant (Sakamoto et al., 2006), and decreases for the mutant brd1 
(OsBR6ox) mutant (Mori et al., 2002). Malformed panicles and a severe reduction in fertility 
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have been reported for rice mutants brd1, dwarf1, dwarf2 (Yamamuro et al., 2000; Mori et 
al., 2002; Hong et al., 2003; Hong et al., 2005). It has been demonstrated that the rice BR-
deficient mutant, osdwarf4-1, increased grain and biomass yield up to 20% under dense 
planting conditions in comparison with the wild type variety (Sakamoto, et al., 2006). This 
mutant presented erect leaves which made possible to plant at higher densities. 
(Sakamoto, et al., 2006). 
 
Since rice is closely related to sorghum, it can be hypothesized that BRs will have similar 
effects in sorghum and will control the same plant architecture phenotypes. This hypothesis 
will be tested by association mapping analysis to determine the effect of allelic variation in 
BR candidate genes on plant architecture phenotypes.  
 
Association Mapping 
The method referred as linkage disequilibrium (LD) mapping or association mapping is an 
alternative to the traditional linkage analysis. It was designed to resolve the trait variation 
down to the sequence level, trying to analyze and predict the historical recombination 
events at the population level (Zhu et al., 2008). On one side, association mapping depends 
on the structure of LD across the genome and, on the other side, the LD data can be used to 
find markers associated with specific traits due to the advances in sequencing and statistic 
tools. (Flint-Garcia et al., 2003). 
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In order to understand the idea behind LD mapping or association mapping it is important 
to clarify some concepts. Linkage equilibrium is an event that occurs when the allele 
present at one locus is independent of the allele at a second locus. Therefore, both alleles 
are transmitted to the progeny independently according to the second Mendelian law 
(Russell, 2010). On the other hand, LD is an event that occurs when the alleles at two 
different loci are not independent of each other. Basically, LD refers to the non-random 
association of alleles in haplotypes or between genetic loci (Nordborg and Tavaré, 2002; 
Flint-Garcia et al., 2003). Historical and recombination factors can affect the structure of LD 
(Gaut and Long, 2003). Population subdivision and admixture increase LD depending on the 
number of individuals in the population and recombination rate. Other factors that affect 
LD include selection, inbreeding, and fluxes in population size (Yu and Buckler, 2006). 
Finally the mating system can also have a significant effect, e.g. selfing species may have 
high recombination rates per meiosis, but also homozygocity and therefore, the effective 
rate of recombination is low, genetic polymorphisms tend to remain correlated, and LD is 
expected to be maintained over long physical distances (Gaut and Long, 2003). 
 
It is important to distinguish the term “linkage” from LD. “Linkage is the correlated 
inheritance of loci through the physical connection on a chromosome and LD refers to the 
correlation between alleles in a population” (Flint-Garcia et al., 2003). In other words, 
linkage refers to two alleles that are inherited together because they are close enough on 
the same chromosome; while LD is related to two alleles that can be on different 
chromosomes but are inherited together. In some cases tight linkage may result in high 
levels of LD. If two mutations occur very close to each other, an event of recombination is 
rare and the presence of these SNPs is correlated, so this tight linkage will result in a high 
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LD (Flint-Garcia et al., 2003). However if mutations occur on different chromosomes, they 
will have independent segregation, resulting in a low LD. In order to avoid confusion 
between the terms described above, the term decay of linkage disequilibrium with time is 
frequently used to indicate how strong the linkage between genes -or genes and markers- 
is over time. LD decays rapidly in the absence of linkage but persists for a long time with 
tight linkage (Mackay and Powell, 2007). Consequently, LD decays each generation at a rate 
determined by the degree of recombination. The LD between functional loci and markers 
that are physically linked is the main point in association mapping. “The decay of LD over 
physical distance in a population determines the density of marker coverage needed to 
perform an association analysis; if LD decays rapidly, then a higher marker density is 
required to capture markers located close enough to functional sites” (Yu and Buckler, 
2006). In comparison with conventional linkage analysis, association mapping has three 
main advantages: (i) it increases the mapping resolution, (ii) it reduces the research time, 
and (iii) it increases the allele number under investigation (Yu and Buckler, 2006).    
 
Linkage analysis is based on associations in well-characterized pedigrees, while association 
mapping refers to associations within populations of unrelated individuals (Nordborg and 
Tavaré, 2002). Therefore, association mapping explores genotype-phenotype correlations 
in diverse individuals and it is frequently faster and more cost-effective than traditional 
linkage mapping (Myles et al., 2009). Another important difference between both methods 
is that the chromosome sampled in association mapping is larger than those sampled in 
linkage analysis. Whereas the recombination events in pedigree studies exchange 
megabase segments of chromosomes, association mapping studies exchange kilobase 
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fragments because in a broad population more opportunities of recombination exist than in 
a created population (Nordborg and Tavaré, 2002). 
 
There are two categories of association mapping studies: genome-wide association 
mapping and candidate-gene association mapping. Genome-wide association refers to a 
genome scan that seeks causal genetic variation (Shehzad et al., 2009). These studies 
require large number of markers to identify associations with complex morphological traits 
but no prior knowledge of candidate genes is necessary (Shehzad et al., 2009 and Zhu et al., 
2008). A set of unlinked, selectively neutral background markers is required to characterize 
the genetic configuration of individuals (Zhu et al., 2008). On the other hand, candidate-
gene association mapping relates polymorphisms in selected genes with a particular 
phenotype. Candidate genes are selected based on mutational analysis on other organisms, 
known biochemistry pathways or other linkages studies. The identification of polymorphic 
markers within specific genes is required. Although candidate-gene association analysis is a 
hypothesis-driven and trait-specific approach, it will miss other unknown loci that could be 
identified with the genome-wide approach (Zhu et al., 2008).  
 
One concern in association mapping is the identification of false-positives that can be 
generated due to population structure. Some non-independent individuals in an association 
panel may be part of a subpopulation or share familiar relatedness due to different reasons 
such as breeding history, geographical origins and local adaptation (Yu and Buckler 2006). 
However, numerous statistic methods have been designed to estimate and correct for 
familiar relatedness and population structure (Zhu et al., 2008).  
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Association analysis can be performed in sorghum in spite of its low sequence diversity, 
moderately extensive LD, and natural homozygosity (Hamblin et al., 2007). Association 
studies have been performed in sorghum to identify markers associated with grain quality 
and grain nutritional value (Hamblin et al., 2007; Salas Fernandez, 2008; Sukumaran et al., 
2012), brix content (Murray et al., 2009), plant height (Brown et al., 2008; Murray et al., 
2009) and photosynthetic capacity (Strand, et al., 2012). This study uses LD mapping to 
identify markers in BR candidate genes that are associated with plant architecture traits. 
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CHAPTER 3. 
MATERIALS AND METHODS 
Plant Germplasm  
The “sorghum association panel” used in this study is a diverse sorghum collection 
consisting of 288 accessions from the Sorghum Conversion Program (SCP) and 149 breeding 
lines. This panel has been successfully used in previous studies (Casa et al., 2008; 
Sukumaran et al., 2012; Morris et al., 2013). The accessions included in this panel include 
converted lines with a high genetic and geographical diversity, elite lines, improved 
cultivars, and landraces used in breeding programs (Casa et al., 2008).  
 
In this study, a total of 315 accessions from the sorghum association panel, described by 
Casa et al. (2008) were used to collect phenotypic data in three locations of Iowa in the 
summer of 2010 and 2012. Some lines from the original panel were discarded because they 
were photoperiod-sensitive and did not flower or because phenotypic information was lost. 
 
Experimental Design and Phenotypic Data Collection 
Accessions from the diverse sorghum panel were planted in a randomized complete block 
design (RCBD) with two replications per location during summer 2010 and 2012. In 2010, 
the diversity panel was planted in Ames, Crawfordsville and Lewis, IA to evaluate seven 
plant architecture traits: flowering time, number of tillers, number of internodes, plant 
height, panicle length, panicle exsertion and stem circumference. In 2012, the panel was 
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planted in Ames, Crawfordsville and Greenfield to collect leaf angle data. Three random 
mature sorghum plants per replication were evaluated for all traits except leaf angle, for 
which only two plants per replication were measured. 
 
Flowering time was expressed as the number of days from planting to 50% anthesis (50% of 
plants in the row had 50% of flowers in anthesis) Plant height was measured from the base 
of the stem to the top of the panicle. Panicle exsertion was taken as the distance between 
the flag leaf and the base of the panicle. Stem circumference was measured at the base of 
the stem. Leaf angle was recorded on the leaf below the flag leaf using a paper protractor.  
 
Phenotypic Data Analysis 
Phenotypic analysis was performed using SAS® 9.2 software (SAS institute, 2009). The 
phenotypic information was analyzed by ANOVA using PROC Mixed because of unbalanced 
data. In the models, location was considered fixed effect and the random effects were: 
replication nested within location, genotype, and genotype x location interaction. Location 
was considered fixed because the locations used in this study do not represent a sample of 
all possible environments where sorghum can grow. Genotype was treated as random 
effect because the association panel represents most of the sorghum diversity and it is 
considered a sample of the entire sorghum genotypes. 
 
To overcome the issues caused by environmental effects on the phenotypes and significant 
genotype x environment interaction (described in chapter 5), Best Linear Unbiased 
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Predictions (BLUPs) for each line were calculated using the library lme4 on R statistical 
software (R Core Team, 2013). The objective was to calculate the best prediction for 
random effects that shrinks the estimates toward the mean (Henderson, 1975), and those 
predictions were used as phenotypic vales for association analysis. Finally, correlations of 
phenotypes -calculated by BLUPs- were performed using R statistical software (R Core 
Team, 2013).  
 
Identification of Candidate Genes 
Literature review was performed to identify genes and proteins involved in the BR 
biosynthesis and signaling pathways. Protein sequences were obtained from the National 
Center for Biotechnology Information (NCBI) databases. The sorghum genome sequence 
from phytozome V1.4 (Paterson et al., 2009), was used to identify the DNA sequence of BR 
candidate genes and their predicted protein sequence based on similarity with BR genes 
and proteins from the model species Arabidopsis and rice. The model species protein and 
sorghum predicted protein were aligned to determine the level of similarity using 
CLUSTAL2W (Larkin et al., 2007). Finally common domains between the model species 
protein and the predicted sorghum protein were identified using Pfam (Punta et al., 2012). 
Selection of the BR candidate genes in sorghum was based on the highest score of the 
previously mentioned analysis, as well as with the similarity to the predicted candidate 
gene as shown in Tables 1 and 2.  
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Table 1. Genes involved in the BR biosynthesis pathway in model species, sorghum ID candidate 
gene, score between the BR protein and the predicted protein, common domains, and e-value. 
“Ref”. indicates the publication of the gene in model species as in reference section at the end of the 
chapter. 
 
GENE / 
PROTEIN 
Function Ref
ID 
Sorghum
BLAST
Identity
Protein Domains E-value Protein Domains E-value
CBB1 
Delta(24)-sterol reductase or diminuto (protein). Involved in the 
conversion of the early brassinosteroid precursor 24-
methylenecholesterol to campesterol. 
5
Sb04
g038200 63% FAD_binding_4 1.40E-15 FAD_binding_4 1.40E-17
DWF4 
The DWF4 gene of Arabidopsis encodes a cytochrome P450 that 
mediates  multiple 22alpha-hydroxylation steps in brassinosteroid 
biosynthesis
4
Sb01
g041900 69% Cytochrome P450 3.2E-61 Cytochrome P450 3.2E-59
DWF5
Mutants are defective in Brassinosteroid biosynthesis (delta7-
sterol-C7 reduction step) and have a dwarf phenotype
7
Sb04
g017400
85%
ERG4_ERG24 
(Ergosterol 
biosynthesis 
ERG4/ERG24 
family)
4.40E-85
ERG4_ERG24 
(Ergosterol 
biosynthesis 
ERG4/ERG24 family)
1.30E-83
DET 2 
Acts at the second step in  brassinolide biosynthesis in the 5alpha-
reduction of (24R)-24-methylcholest-4-en-3-one, which is further 
modified to form campestanol. Can use progesterone, testosterone, 
androstenedione  and campestenone as substrate.
14
Sb03
g040050
49%
steroid dh (3-oxo-5-
alpha-steroid 4-
dehydrogenase)
7.00E-62
steroid dh (3-oxo-5-
alpha-steroid 4-
dehydrogenase)
3.50E-42
DWF7
Brassinosteroid biosynthetic enzyme, catalyzes delta7 sterol C-5 
desaturation step. Mutant has dwarf phenotype.
6
Sb03
g007010
85% FA_hydroxylase 4.40E-85 FA_hydroxylase 6.90E-12
DWF11
Involved in brassinosteroid biosynthesis. May catalyze a  C6-
oxidation step and may be involved to supply 6-deoxotyphasterol 
and typhasterol.
38
Sb06
g019600
89% Cytochrome P450 6.6E-56 Cytochrome P450 3E-56
CPD/
CYP90A
1
Member of the CP90A family, a cytochrome P450 catalyzes C-3 
oxidation of the early BR intermediates (22S)-22-
hydroxycampesterol and (22R,23R)-22,23-dihydroxycampesterol, as 
well as of 6-deoxocathasterone and 6-deoxoteasterone.
27
Sb05
g002580
60% Cytochrome P450 1.20E-61 Cytochrome P450 2.50E-56
BR6ox 1
Catalyzes the C6-oxidation step in brassinosteroids biosynthesis. 
Converts 6-deoxocastasterone to castasterone. May also convert 6-
deoxoteasterone to teasterone, 3-dehydro-6-deoxoteasterone o 3-
dehydroteasterone, and 6-deoxotyphasterol to typhasterol.
35
Sb01
g015040
59% Cytochrome P450 4.50E-54 Cytochrome P450 7.00E-60
BR6ox 2
Catalyzes the C6-oxidation step in brassinosteroids  biosynthesis. 
BR6ox1 redundant protein
35
Sb01
g015040
61% Cytochrome P450 4.50E-54 Cytochrome P450 7.00E-60
ROT3 
/CYP90C
1
ROT3 was shown to be involved in brassinosteroid biosynthesis, 
most l ikely in the conversion step of typhasterol (TY) to 
castasterone (CS) in the C6-oxidation pathway of brassinolide. 
Recently, CYP90C1 was shown to catalyse the C-23 hydroxylation of 
several brassinosteroids (the enzyme has a broad specificity for 22-
hydroxylated substrates).
20
Sb05
g001190
29% Cytochrome P450 1.20E-57 Cytochrome P450 5.00E-60
CP450 
/CYP90D
1
C-23 hydroxylase involved in brassinosteroids biosynthesis. 
Converts directly(22S,24R)-22-hydroxy-5-alpha-ergostan-3-one and 
3-epi-6-deoxocathasterone to 3-dehydro-6-deoxoteasterone and 6-
deoxotyphasterol. These C-23 hydroxylation shortcuts bypass 
campestanol, 6-xocathasterone, and 6-deoxoteasterone. 
Functionally redundant with CYP90C1.
20
Sb02
g034870
29% Cytochrome P450 3.40E-51 Cytochrome P450 1.00E-39
BAS1 / 
CYP734
A1
Encodes a member of the cytochrome p450 family that serves as a 
control point between multiple photoreceptor systems and 
brassinosteroid signal transduction. Involved in brassinolide 
metabolism as inhibitor molecule. 
40
Sb03
g004210 65% Cytochrome P450 3.50E-85 Cytochrome P450 9.80E-84
BIOSYNTHETIC PATHWAY Model Specie Sorghum bicolor
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Table 2. Genes involved in the BR signaling pathway in model species, sorghum ID candidate gene, 
score between the BR protein and the predicted protein, common domains, and e-value. 
“Ref”. indicates the publication of the gene in model species as in reference section at the end of the 
chapter. 
 
GENE / 
PROTEIN 
Function Ref
ID 
Sorghum
BLAST
Identity
Protein Domains E-value Protein Domains E-value
BKI1
BRI1 kinase inhibitor 1. Negative regulator of brassinosteroid 
signaling. When associated to the membrane, l imits the interaction 
of BRI1 with BAK1 by binding to the kinase-inactive form of BRI1
41
Sb02
g026700
36%
no conserved 
domains found in 
the protein
no conserved 
domains found in the 
protein
BRI1
Plasma membrane localized leucine-rich repeat receptor kinase 
involved in brassinosteroid signal transduction. BRI1 l igand is 
brassinolide which binds at the extracellular domain. Binding 
results in phosphorylation of the kinase domain which activates the 
BRI1 protein leading to BR responses.
13
Sb03
g032990 54%
LRR_8
LRR_8
Pkinase
4e-07
2.4e-06
2.8e-44
LRR_8
LRR_8
Pkinase
3.6e-12
4.7e-08
2.5e-47
BAK1
Leu-rich receptor Serine/threonine protein kinase. Component of BR 
signaling that interacts with BRI1 to form a heterodimer. 
Phosphorylation of both BRI1 and BAK1 on Thr residues is BR 
dependent. When BAK1 and BRI1 are coexpressed, the heterodimer 
BAK1/BRI1 localizes in the endosome.
23
Sb04
g023810 78%
LRRNT_2
LRR_1
Pkinase
2.90E-10
7.3E-4
5.9E-45
LRRNT_2
LRR_4
Pkinase
4.2e-11
2.0e-08
2.7e-44
BSK1
BR-signaling kinase 1 (BSK1), one of the three homologous BR-
signaling kinases (BSK1, BSK2, BSK3). Mediates signal transduction 
from receptor kinase BRI1 by functioning as the substrate of BRI1.
39
Sb01
g030290
72%
Pkinase_Tyr
TPR_11
1.7e-25
4.2e-06
Pkinase_Tyr
TPR_11
1.4e-26
3.9e-08
BSK2
Mediates signal transduction from receptor kinase BRI1 by 
functioning as the substrate of BRI1. 
39
Sb01
g028460
76%
Pkinase_Tyr
TPR_11
5.5e-25
1.6e-05
Pkinase_Tyr
TPR_11
7.4e-26
4e-07
BSK3
Mediates signal transduction from receptor kinase BRI1 by 
functioning as the substrate of BRI1.
39
Sb01
g002850
58%
Pkinase_Tyr
TPR_11
2.7e-26
3.3e-08
Pkinase_Tyr
TPR_11
3.8e-25
5.1e-3
TTL
Transthyretin-like protein that interacts with BRI1.. Might function 
as a negative regulator to modulate brassinosteroid-mediated plant 
growth.
26
Sb01
g033540
56%
OHCU_decarbox
Transthyretin
4.6e-32
9.2e-36
OHCU_decarbox
Transthyretin
1.4e-33
2.1e-30
TRIP1
Co-immunoprecipitates with BRI1 and can be phosphorylated in 
vitro by BRI1 at specific sites (Thr-14, Thr-89, and either Thr-197 or 
Ser-198). May be a cytoplasmic BRI1 substrate and involved in 
brassinosteroid regulated plant development
9
Sb02
g003760
76%
WD40
WD40
WD40
WD40
7.5e-11
3.5e-4
8e-06
3.6e-06
WD40
WD40
WD40
WD40
3.7e-08
3.2e-4
4.6e-05
4.2e-06
BSU1
Phosphatase that acts as a positive regulator of brassinolide 
signaling. Dephosphorylates BES1, a transcription factor that 
regulates the expression of brassinolide-response genes.
25
Sb08
g021850
88%
Kelch_3
Kelch_3
Metallophos
2.1e-06
8.9e-05
2e-34
Kelch_4
Kelch_2
Metallophos 
1.70E-06
5.50E-06
5.7E-36
Sb04
g008580
88%
Pkinase (Protein 
kinase domain)
1.90E-63
Pkinase (Protein 
kinase domain)
9.00E-65
Sb03
g012070
84%
Pkinase (Protein 
kinase domain)
1.9E-63
Pkinase (Protein 
kinase domain)
9E-65
BES 1 /
 BZR 2
Encodes brassinosteroid (BR) signalling protein that accumulates in 
the nucleus as dephosphorylated form in response to BRs. Is 
phosphorylated by the BIN2. BES1 can interact with the ELF6 and 
REF6 Jumonji N/C-domain containing proteins and may direct them 
to modify histone methylation upstream of some brassinosteroid 
responsive-genes
42
Sb02
g037500 53%
Plant protein of 
unknown function 
(DUF822)
1.20E-61
Plant protein of 
unknown function 
(DUF822)
2.20E-61
BZR1
Encodes a positive regulator of the BR signalling pathway that 
mediates both downstream BR responses and negative feedback 
regulation of BR biosynthesis. Phosphorylation also appears to 
affect BZR1's transcriptional activities.
2
Sb02
g037500 52%
Plant protein of 
unknown function 
(DUF822)
1.50E-64
Plant protein of 
unknown function 
(DUF822)
2.20E-61
BRL1
Receptor with a serine/threonine-protein kinase activity. Regulates, 
in response to brassinosteroid binding, a signaling cascade 
involved in plant development. Binds brassinolide. 
3
Sb02
g019470
55%
LRRNT_2
LRR_8
LRR_8
Pkinase
7.6e-08
4.4e-08
3.5e-10
8.1e-43
LRRNT_2
LRR_8
LRR_8
Pkinase
7.5e-08
1.4e-06
1.2e-09
2e-45
BRL2
Receptor with a serine/threonine-protein kinase activity, which may 
transduce extracellular spatial and temporal signals into 
downstream cell differentiation responses in provascular and 
procambial cells. In contrast to BRI1, BRL1 and BRL3, it does not 
bind brassinolide.
3
Sb01
g026940
59%
LRRNT_2
LRR_8
LRR_1
LRR_8
Pkinase
9.4e-11
7.2e-07
0.18
2.1e-06
4.3e-43
LRRNT_2
LRR_8
LRR_1
LRR_8
Pkinase
1.9e-15
8.8e-07
0.023
2.6e-08
6.5e-43
BRL3
Receptor with a dual specificity kinase activity acting on both 
serine/threonine- and tyrosine-containing substrates. Binds 
brassinolide. Regulates, in response to brassinosteroid binding,  a 
signaling cascade involved in plant development. 
3
Sb02
g019470
56%
LRRNT_2
LRR_8
LRR_8
LRR_8
Pkinase
2.5e-07
7.5e-08
2.5e-06
1.1e-06
7.4e-44
LRRNT_2
LRR_8
LRR_8
Pkinase
7.5e-08
1.4e-06
1.2e-09
2e-45
BRS1
Involved in an early event in the BR signaling pathway. Encodes a 
secreted glycosylated serine carboxypeptidase with broad substrate 
preference that is involved in brassinosteroid signalling via BRI1.
22
Sb04
g035810 73%
Peptidase S10 
(Serine 
carboxypeptidase)
2.50E-145
Peptidase S10 (Serine 
carboxypeptidase)
9.00E-142
BIN2/
DWF12
Negative regulator in brassinosteroid signal transduction pathway 
important for plant growth. Phosphorylates and increases  the 
degradation of BZR1 and BZR2/BES1 by the proteasome.
8, 
15
SIGNALING PATHWAY Model Specie Sorghum bicolor
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Genotypic Data 
Single Nucleotide Polymorphisms (SNPs) were used in this study to perform marker-trait 
association analysis. SNPs for the association panel were obtained using Genotyping by 
Sequencing (GBS) developed by Elshire et al. (2011). GBS is a simple highly-multiplexed 
technology system that uses small genome libraries and Illumina next-generation 
sequencing platform to identify a large number of SNPs. It uses restriction enzymes (ApeKI 
for sorghum) to generate small libraries from the complex genome. Also, it is used one 
“barcode adapter” that contain in one site the primer, followed by a 4 - 8 bp adapter and a 
acomplementary sequence to the restriction site to the other side. It is also used one 
“common adapter” which contain one primer and a complementary sequence to the 
restriction site (Elshire et al., 2011). After PCR and cleaning, libraries are checked on a DNA 
analyzer. GBS captures barcode and insert DNA sequence in a single read (Elshire et al., 
2011). Analyses of the 86 bp fragments are filtered and then aligned to the reference 
genome to generate sequences that have a perfect alignment for 64 pb. Mapping is done 
using a binomial score of presence/absence for each SNP marker (Elshire et al., 2011).  
 
A set of 260,000 SNPs, identified using GBS technology, were publically released on 
November 2012 (Institute for Genomic Diversity, 2013), and later published by Morris et al.  
(2013). A subset of those SNPs were used in this study as described below.  
 
Population Structure  
A total of 702 genome-wide SNPs distributed across the entire sorghum genome were 
selected based on three criteria: i) SNPs highly informative with less than 15% of missing 
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data; ii) SNPs that have a minimum distance of 350Kb considering the average LD reported 
by Morris et al. (2013); and iii) SNPs randomly distributed in every chromosome. 
 
The program STRUCTURE 2.2.3 (Pritchard et al., 2000) was used to detect subpopulations. 
An admixture model was used assuming a number of subpopulations (k) from 1 to 10. The 
analysis was performed using 10 iterations per k, a 20,000 length of burnin period and 
30,000 MCMC (Markov Chain Monte Carlo) replicates. The optimal number of 
subpopulations was determined using: i) the posterior probability plot, ii) Delta K (ΔK) 
method (Sim, 2010), iii) stability of grouping patterns across 10 runs and, iv) germplasm 
information from previous studies. Population structure was verified using Principal 
Component Analysis (PCA), which was calculated using the same 702 SNPs distributed 
throughout the genome. The matrix used for PCA was generated using TASSEL 3.0 
(Bradbury et al., 2007), which assigned the value of 0 to the common allele and 1 to the 
rare alleles. The generated matrix was then used as input file to run PCA using the statistical 
program Rx64 3.0 (R Core team, 2013). Results of PCA1 vs PCA2 and PCA1 vs PC3 were 
plotted, analyzed and compared with results from STRUCTURE. 
 
Kinship Matrix 
Kinship matrix, also known as coefficient of relatedness or co-ancestry matrix is an element 
that considers the probability that for a given genetic locus a random allele from one 
individual and a random allele from another individual are identical by decent (IBD). 
Therefore two alleles are IDB if they are copies of the same ancestral gene (Kerr and 
Thornton, 2013). 
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A numerical matrix corresponding to the degree of ancestor relatedness was calculated 
using the same 702 SNPs, the algorithm described by Loiselle et al. (1995), and the software 
SPAGeDi 1.4 (Hardy and Vekemans, 2002). The kinship matrix was corrected setting any 
negative number to zero (0) (Yu et al., 2006) and then multiplying the matrix for a factor of 
2.  
 
Association Analysis 
Once the position of candidate genes was determined in the sorghum genome SNPs 
present in the candidate genes and +/- five Kb of the genes were identified from the set of 
260,000 SNPs (Morris et al., 2014). Finally 263 SNPs with a minimum allele frequency of 5% 
were used to test marker-trait associations. Two models for association analysis were 
tested using TASSEL 3.0 (Bradbury et al., 2007): GLM (General Linear Model) and MLM 
(Mixed Linear Model). GLM tests the marker-phenotype associations including population 
structure as a covariate (Q-matrix). Both marker effect and population structure are 
considered fixed (Bradbury et al., 2007). MLM tests the marker-phenotype associations 
including population structure and kinship matrix. Markers and population structure are 
fixed effects, while kinship is included as a random effect (Bradbury et al., 2007).    
GLM model: 
P = µ + Marker + Pop. Structure + Error 
MLM model:  
P = µ + Marker + Pop. Structure + Kinship + Error 
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In order to assess the best model to control for type I errors, quantile–quantile (Q-Q) plots 
of the expected cumulative distribution of p-values were performed per each model and 
each trait (Yu et al., 2006). In this study, false discovery rate (FDR) was used to assign a 
measure of significance to each test performed simultaneously instead of other correction 
factor. FDR is the expected proportion of false positives when many tests are performed 
simultaneously (Storey and Tibshirani, 2003).  False discovery rate assign a q-value to each 
p-value after analyzing the p-value distribution. The q-value threshold was defined on a 
trait by trait basis. Q-values were obtained using QVALUE software (Storey and Tibshirani, 
2003) and R software (R core Team, 2013). 
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CHAPTER 4. 
RESULTS 
 
Phenotypic Data  
Results from ANOVA for all the traits shows that replication nested within location was 
found not significantly different (p < 0.05) for any of the traits except for number of 
internodes and stem circumference (Table 3). This means that for most of the phenotypes, 
the data from replicated rows were consistent and do not deviate from the mean.  
 
The analysis of variance also indicated that for all the traits there was a significant effect of 
location, genotype and location x genotype interaction (p < 0.05) for all the traits with 
exception of leaf angle and panicle exsertion (Table 3). For these two traits, the main 
effects of location and genotype were not statistically significant (p-value <0.05). While the 
location x genotype interaction was, suggesting that phenotypes are dependent not only on 
the genetic component but also on environmental conditions and that the main effect of 
the location or genotype cannot be considered separately.  The environment and genotype 
interactions can occur in two different ways: i) it can be differences among genotypes 
without alterations in their rank, or ii) the rank among genotypes could change in different 
environments (Fehr, 1987). The genotype x environment interaction found in this study is 
mainly due to change in the ranks across environments, as shown in figure 5. It is important 
to mention that although the genotype x environment interaction was not significant for 
leaf angle at the set threshold (p < 0.05), it is possible to visualize a change in the rank of 
some genotypes at different locations (Figure 5). 
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Table 3. ANOVA significance table for all phenotypes. 
 
Figure 5. Genotype x Environment interaction illustration for every trait using a subset of lines. 
 
 
Best Linear Unbiased Predictions (BLUPs) 
The genotypic values were predicted from each line using BLUPs. A summary of the 
phenotypic variation using BLUPs is shown in Table 4. 
Source of variation DF F value p-value DF F value p-value DF F value p-value DF F value p-value
loc 2 311.05 <0.0001 2 3.38 0.153 2 42.19 0.0002 2 270 <0.0001
rep(loc) 3 0.83 0.479 3 1.6 0.1872 3 5.9 0.0006 3 2.27 0.079
genotype 281 14.64 <0.0001 309 20.08 <0.001 314 12.21 <0.0001 314 3.9 <0.0001
loc*genotype 538 1.49 <0.0001 603 1.13 0.057 597 3.83 <0.0001 592 2 <0.0001
Source of variation DF F value p-value DF F value p-value DF F value p-value DF F value p-value
loc 2 12.19 <0.0001 2 17.05 0.0014 2 19.951 <0.0001 2 9.56 0.0211
rep(loc) 3 0.76 0.5168 3 1.93 0.1227 3 1.47 0.22 3 4.07 0.0069
genotype 314 0.93 0.794 314 44.22 <0.0001 314 88.57 <0.0001 313 7.66 <0.0001
loc*genotype 593 2.35 <0.0001 599 2.17 <0.0001 598 3.34 <0.0001 596 2.06 <0.0001
Flowering time Leaf angle Number of Internodes Number of Tillers
Panicle Exsertion Panicle Lenght Plant Height Stem Circumference
Panicle Length 
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Table 4. Phenotypic variation based on BLUPs results. 
 
Correlation of Phenotypic Data 
Correlations between phenotypes were calculated using BLUPs and are shown in Table 5. 
Expected correlations are shown, for example, a negative correlation between plant height 
and stem circumference, and between stem circumference and number of tillers. In 
general, it is possible to visualize thin stems in tall plants and, plants with tillers usually have 
thinner main stems than plants with no tillers. Also the correlation between plant height 
and number of internodes is not as high as it was expected. 
 
Stem circumference was the phenotype correlated with most of the other traits at a 
significance level p<0.001.  An interesting positive correlation was obtained between stem 
circumference and number of internodes and flowering time. According to these results, 
plants with more internodes and plants with late flowering tend to present thicker stems, 
which can be useful in the breeding for biomass production. Leaf angle is a phenotype that 
has not been previously studied in sorghum. Significant (p<0.001) and positive correlation 
was observed with plant height and significant negative correlation with flowering time 
(p<0.01) and stem circumference (p<0.001). The information provided by the phenotypic 
correlations could be useful in the selection of sorghum varieties for biomass production. 
Phenotype
Plant 
Height
Panicle 
length
Panicle 
Exser
Stem 
Circum
Number 
of Tiller
Number of 
Interodes
Flower 
Time
Leaf 
Angle
Unit cm cm cm cm count count days degrees
Mean 153.54 25.69 10.37 5.78 0.64 10.89 67.71 50.52
Stand. Dev 58.28 6.10 7.61 0.83 0.56 1.50 4.05 13.29
Minimum 68.55 9.96 -0.01 3.42 0.05 6.59 54.45 12.92
Maximum 365.96 55.82 38.40 8.26 3.29 16.99 78.96 88.64
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Table 5. Correlations between phenotypes of interest. 
 
Markers in Candidate Genes 
Eleven candidate genes were identified in the BR biosynthesis pathway and 15 candidate 
genes were identified in the BR signaling pathway. 263 SNPs with allele frequencies 
superior 5% were identified in the candidate genes or nearby the gene (Tables 6 and 7).  
Most candidate genes presented SNPs upstream or downstream the gene, probably 
because genes are conserved and mutations around genes are more likely to occur. Notice 
that two candidate genes in sorghum were identified for BIN2/DWF12 BR signaling pathway 
gene. The predicted proteins of the two candidate genes have a high similarity with the BR 
protein and the score of common domains is the same. For this reason both candidate 
genes were considered in this study. 
Correlation
Plant 
Height
Panicle 
length
Panicle 
Exsertion
Stem 
circumference
No. of 
Tiller
No. of 
Internode
Flowering 
time
Leaf angle
Plant Height ͞   
Panicle length  0.14* ͞   
Panicle 
Exsertion
   0.47*** 0.11 ͞   
Stem 
circumference
  -0.31***  0.12*      -0.21*** ͞   
No. of Tiller -0.02 0.03 0.05    -0.42*** ͞   
No. of 
Internode
   0.18** 0.04 -0.09      0.56***    -0.46*** ͞   
Flowering time  0.15*     0.18** -0.07       0.46***     -0.30***   0.77*** ͞   
Leaf angle     0.30*** -0.08 0.04      -0.22*** 0.05 -0.12*   -0.20** ͞   
*significant at p < 0.05
**significant at p < 0.01
***significant at p < 0.001
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Table 6. Identification of markers present in the sorghum BR biosynthesis candidate gene. 
 SNPs were identified in the gene and up to five Kb upstream and downstream the gene. 
“Marker ID” indicates the chromosome where the SNP is followed by the position in pb. 
GENE marker ID alleles position res. gene GENE marker ID alleles position res. gene
S4_67662935 G/A upstream S5_2712371 C/T upstream
S4_67665759 C/T gene S5_2712378 C/T upstream
S1_65135663 G/A gene S5_2712388 G/A upstream
S1_65138838 C/T gene S5_2717774 T/C gene
S1_65140451 T/C gene S5_2717778 T/A gene
S1_65140604 C/G gene S5_2719515 A/G gene
S1_65140728 A/C gene S5_1248884 A/G upstream
S1_65140731 T/C gene S5_1248895 T/C upstream
S1_65140737 A/G gene S5_1249109 C/T upstream
S1_65140740 G/C gene S5_1249174 T/C upstream
S4_40259808 G/A upstream S5_1249436 G/A upstream
S4_40259813 C/G upstream S5_1249449 G/A upstream
S4_40253814 A/C gene S5_1249461 A/G upstream
S3_62355834 T/C upstream S5_1249471 A/G upstream
S3_62355840 T/C upstream S5_1249518 C/T upstream
S3_62355947 C/T upstream S5_1249534 G/T upstream
S3_62355954 A/G upstream S5_1249547 C/A upstream
S3_67653214 C/T gene S5_1249549 A/G upstream
S3_67653280 C/G gene S5_1249715 G/A upstream
S3_67653334 C/T gene S5_1250575 A/G upstream
S3_7221847 A/G upstream S5_1250727 G/T upstream
S3_7221851 T/C upstream S5_1251182 T/C upstream
S3_7221884 A/G upstream S2_69321542 T/C upstream
S3_7222075 C/A gene S2_69321590 T/G upstream
S3_7223710 A/G gene S2_69321635 C/G upstream
S3_7223748 G/A gene S2_69321658 C/G upstream
S3_7227629 G/A downstream S2_69321659 T/G upstream
S3_7230275 A/G downstream S2_69324014 A/G upstream
S3_7230278 T/C downstream S2_69324174 T/A upstream
S3_7230280 C/T downstream S2_69324709 G/A upstream
S3_7230281 G/A downstream S2_69324780 T/G upstream
S3_7230680 T/C downstream S2_69324864 G/T upstream
S3_7230684 C/A downstream S2_69324927 T/A upstream
S3_7230700 T/G downstream S2_69325119 G/T gene
S3_7231007 G/C downstream S3_4514196 G/T upstream
S6_49164257 C/A upstream S3_4516047 T/C upstream
S6_49164272 G/C upstream S3_4518436 C/T upstream
S6_49167463 G/A upstream S3_4518790 C/G upstream
S6_49170114 G/A gene S3_4520606 G/C gene
S6_49170570 G/A gene S3_4520612 C/T gene
S1_14440282 G/A upstream S3_4521544 G/C gene
S1_14441069 G/A upstream S3_4522028 G/C gene
S1_14447530 T/A gene S3_4522614 T/C dowstream
S1_14447532 T/A gene S3_4522997 T/G dowstream
S1_14447534 T/A gene S3_4523000 T/G dowstream
S1_14447536 T/A gene S3_4523003 T/G dowstream
S1_14447538 T/A gene S3_4523023 C/G dowstream
S1_14447594 G/A gene S3_4523117 G/A dowstream
S1_14447711 C/A gene
S1_14447718 A/G gene
S1_14447780 G/C gene
S1_14448818 C/A gene
BR6ox1 
/BR6ox 2
ROT3 
/CYP90C1
CP450 
/CYP90D1
BAS1
BIOSYNTHESIS PATHWAY
DWF11
CPD/
CYP90A1
CBB1
DWF4
DWF5
DET2 
DWF7
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Table 7. Identification of markers present in the sorghum BR signaling candidate gene. 
 SNPs were identified in the gene and up to five Kb upstream and downstream the gene. 
“Marker ID” indicates the chromosome where the SNP is followed by the position in pb. 
GENE marker ID alleles position res. gene GENE marker ID alleles position res. gene
S2_61882507 T/A upstream S2_4190400 C/T upstream
S2_61882517 G/C upstream S2_4190421 G/A upstream
S2_61882555 A/G upstream S2_4190435 T/C upstream
S2_61884154 A/G upstream S2_4191549 A/G gene
S2_61884861 G/T upstream S2_4191556 A/G gene
S2_61884862 A/C upstream S2_4191583 A/C gene
S2_61884870 T/C upstream S2_4192250 T/A gene
S2_61884883 C/G upstream S8_53595261 C/G upstream
S2_61885324 A/C upstream S8_53595966 A/G upstream
S2_61886471 T/G upstream S8_53596419 T/C upstream
S2_61886473 G/T upstream S8_53596796 A/C upstream
S2_61887456 G/A upstream S8_53596812 T/G upstream
S2_61887509 T/C gene S8_53596901 G/C upstream
S2_61887636 G/C gene S8_53596909 G/C upstream
S2_61887920 C/T gene S8_53596911 C/T upstream
S2_61887936 C/G gene S8_53597033 G/A upstream
S2_61888021 A/T gene S8_53597039 A/T upstream
S2_61888022 C/T gene S8_53597042 G/T upstream
S2_61888935 G/C downstream S8_53599790 A/G gene
S2_61889371 T/C downstream S8_53600907 T/A gene
S2_61889383 G/C downstream S8_53600913 G/A gene
S2_61889576 A/C downstream S8_53600944 T/A gene
S3_61392996 A/T upstream S8_53600977 A/C gene
S3_61393050 T/C upstream S8_53600991 T/C gene
S3_61393053 T/C upstream S8_53602187 C/T gene
S3_61401286 G/C gene S8_53602329 T/C gene
S3_61401401 G/C gene S8_53602335 G/A gene
S3_61401854 A/G downstream S8_53602475 C/T gene
S4_53501166 A/G gene S8_53603403 A/G gene
S4_53503111 C/A gene S8_53604084 G/C gene
S1_52586174 A/G upstream S8_53604085 G/A gene
S1_52586179 G/C upstream S8_53604642 T/C gene
S1_52586238 C/T upstream S8_53605940 T/G gene
S1_52587528 G/A upstream S8_53606143 G/A gene
S1_52587692 C/T upstream S8_53606154 A/C gene
S1_52588681 C/G upstream S8_53606155 T/A gene
S1_52589167 T/G upstream S8_53607107 C/T downstream
S1_52589217 G/T upstream S8_53607113 C/G downstream
S1_52589265 C/T upstream S8_53607227 A/G downstream
S1_52589266 A/C upstream S8_53610610 G/A downstream
S1_52589267 C/A upstream S4_9955484 C/G upstream
S1_52589276 G/A upstream S4_9956670 A/G upstream
S1_52589617 A/G gene S4_9959046 G/A upstream
S1_52589646 C/T gene S4_9961357 T/C gene
S1_52589858 T/C gene S4_9963706 A/C gene
S1_52590019 T/G gene S4_9963707 A/C gene
S1_52590030 G/A gene S4_9963708 G/T gene
S1_52593922 C/G gene S4_9964272 C/A gene
S1_52593925 C/G gene S4_9964312 A/G downstream
S1_52593929 C/G gene S4_9969174 A/G downstream
S1_52598669 G/C downstream S3_13870895 A/G upstream
S1_52598670 G/A downstream S3_13870914 C/T upstream
S1_52598671 C/T downstream S3_13871156 C/T upstream
S1_49656166 C/G upstream S3_13871180 T/G upstream
S1_49657234 C/A upstream S3_13881362 A/G upstream
S1_49657259 A/G upstream S3_13881542 C/T upstream
S1_49657281 T/G upstream S3_13875989 A/C gene
S1_49657446 T/A upstream S2_71772882 G/C upstream
S1_49657476 T/C upstream S2_71773005 T/G upstream
BSK3 S1_2332452 T/C upstream S2_71773193 C/A upstream
S1_56866401 G/A upstream S2_71773195 T/C upstream
S1_56866411 G/A upstream S2_71773239 G/A upstream
S1_56866434 G/C upstream S2_71776768 A/G upstream
S1_56866500 C/T upstream S2_77175615 T/G gene
S1_56866563 C/A upstream S2_47261823 G/C gene
S1_56866566 G/C upstream S2_47262418 C/T gene
S1_56866567 G/A upstream S1_46095930 T/G gene
S1_56866695 A/C upstream S1_46097621 T/G gene
S1_56869732 A/G gene S1_46098377 T/G gene
S1_56869767 G/A gene S1_46099086 G/A gene
S1_56869776 G/A gene S4_65678848 T/G gene
S1_56869780 C/A gene S4_65678894 C/T gene
S1_56869802 T/C gene S4_65678951 C/G gene
S1_56869820 T/G gene S4_65678966 A/C gene
S1_56871291 A/G downstream S4_65678967 C/G gene
S1_56871298 A/C downstream S4_65678972 T/C gene
S1_56871988 A/T downstream S4_65679098 C/G gene
S1_56872000 C/T downstream S4_65679825 A/G gene
S1_56872014 A/T downstream S4_65681108 T/G gene
S1_56872028 C/A downstream S4_65682071 T/C gene
S1_56874239 C/T downstream S4_65686823 T/A downstream
S4_65686858 G/A downstream
BRS1
BES1 / 
BZR1,2
BRL1 / 
BRL3
BRL2
BSK2
TTL
BIN2 / 
DWF12
b 
SIGNALING PATHWAY
TRIP1
BSU1
BIN2 / 
DWF12
a 
BKI1
BRI1
BAK1
BSK1
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Population Structure 
Population structure was determined based on the posterior probability plot, stability of 
grouping patterns across 10 runs and Delta K (ΔK) using the output from STUCTURE 
(Pritchard et al., 2000). Posterior probability, LnP(D), is a conditional probability that is 
assigned after relevant evidence is taken into account (Corander et al., 2003).  
 
Posterior probability can be computed for any hypothesis of interest by averaging over all 
possible network (Tian and He, 2011). A LnP(D) is assigned to each run at a different value 
of k after random pairwise comparisons of the lines are made. A plot of the posterior 
probability vs the number of k, or subpopulations, is used to determine the point where 
there a highest evidence of stability is reached. This point is characterized by a plateau of 
LnP(D) at a certain k, or as a slight increment of LnP(D) from one k to another (Pritchard et 
al., 2000; Casa et al., 2008). After k=5 it is possible to identify a slight plateau. There is also 
high stability of grouping patterns across 10 runs or replications, which supports evidence 
of having five subpopulations (k=5) in the sorghum panel (Figure 6). 
 
Figure 6. Posterior probability, LnP(D), versus number of subpopulations (K). 
 
 
51 
 
Another method to determine population structure is the absolute values of the second-
order rate of change of the likelihood distribution divided by the standard deviation of the 
likelihoods known as Delta K (ΔK) (Evanno et al., 2005). The number of final clusters is 
determined by the uppermost level of ΔK; in this case, five clusters are formed from the 
analyzed population (Figure 7).  
 
Figure 7. Second order rate of change in the likelihood from k=3 to k=10. 
 
Therefore, five was determined as the optimal number of subpopulations in the association 
panel as shown in figure 8. The five subpopulations were classified as: Q1, intermediate 
races Guinea/Bicolor; Q2, race Caudatum; Q3, intermediate races Guinea-Caudatum (West 
Africa); Q4, race Kafir; Q5, race Durra. 
 
Figure 8. STRUCTURE (Pritchard et al., 2000) results. Each subpopulation (Q) corresponds to a 
different race or intermediate race according to an admixture model analysis. 
 
Admixture was observed mainly in subpopulations Q2, Q4 and Q5. From the total number 
of lines grouped as subpopulation Q2, 59% belonged to the race Caudatum, followed by 
0
5
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Zerazera-Caudatum working group (17%). From the total number of lines that 
corresponded to subpopulation Q4, 62% belonged to the race Kafir and 17% to the 
intermediate races Guinea-Caudatum (East Africa). 77% of the lines grouped as 
subpopulation Q5 corresponded to the race Durra and 8% to Milo-Feterita working group 
(Figure 9). 
 
 
Figure 9. Number of lines from specific races and working groups within each subpopulation. 
 
Principal Component Analysis (PCA) results were consistent with STRUCTURE results. PCA1 
explained 8.02% of the variation and separated the subpopulations Caudatum and 
Guinea/Caudatum. PCA2 explained 7.48% of the variation and separated the subpopulation 
Durra. PCA3 explained 6.19% of the variation and separated Kafir subpopulation (Figure 
10).  
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Figure 10. Principal component analysis results 
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Model Comparison for Association Analysis: 
The mixed linear model (MLM), which includes population structure and kinship, was 
identified as the best model for the eight plant architecture traits analyzed in this study 
(Figure 11). When the model includes population structure and kinship, the observed p-
values (“y” axis) have a better approximation to the expected p-value distribution in 
comparison with the model that only accounts for population structure (GLM).  Population 
structure and coefficient of co-ancestry (kinship) were accounted for in the association 
analysis to reduce Type I errors or false marker-trait associations (Yu et al., 2006). GLM 
model resulted in more markers significantly associated with the phenotypes of interest in 
comparison with MLM model. 
 
Figure 11. Model comparison. A) Q-Q plot of observed vs. expected p-values for GLM and, B) Q-Q 
plot of observed vs. expected p-values for MLM. 
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Association Analysis 
Analysis per trait 
A total of 82 markers were found significantly associated with seven phenotypes of interest, 
26 of them were in perfect LD (r2=1). 19 markers out of 82 were found associated with 
more than one trait, and six markers out of those 19 markers were in perfect LD as shown 
in supplementary Tables 1 to 7. All the phenotypes were found associated with markers in 
BR candidate genes except number of internodes. The traits with the highest number of 
associated markers were stem circumference, followed by panicle length and flowering 
time, with 26, 24 and 18 markers respectively. 
 
Having two or more markers positively associated in perfect LD (r2=1) means that the 
markers are equally associated with the phenotype of interest and cannot be considered 
independent. Therefore, it is difficult to use a correction factor, such as Boferroni to correct 
for multiple comparisons. In this study FDR was used instead of Bonferroni correction 
factor. The FDR threshold was determined on a trait by trait basis.  
 
The Q-value threshold for flowering time was q < 0.26, which means that less than five out 
of 18 associated markers (Supp. Table 1) were really false associations. In the case of leaf 
angle, eleven markers were found associated with the trait (Supp. Table 2) but 
approximately three were expected to be false associations (q < 0.23). Eight markers were 
found associated with variation in number of tillers (Supp. Table 3). A q-value threshold < 
0.19 was defined, which means that less than two markers were falsely associated with the 
trait. Variation in plant height was found associated with three markers (Supp. Table 4) and 
approximately one of them was falsely associated (q <0.28). Panicle exsertion was found 
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associated with 16 markers (Supp. Table 5), which means that at a q < 0.17, less than three 
markers were falsely associated with the trait. 23 markers were associated with variation in 
panicle length (Supp. Table 6). A q-value threshold < 0.26 was established and six markers 
were expected to be falsely associated. Stem circumference was associated with 26 
markers (Supp. Table 7) but less than five of them were false associations (q <0.17).  
 
Analysis by candidate gene 
Markers in 19 candidate genes out of 26 were associated with traits of interest. Nine 
candidate genes belong to the signaling pathway and ten belong to the biosynthesis 
pathway. Some markers were found significantly associated with more than one trait of 
interest. In general the average LD between markers in the same gene is r2>0.2 (Tables 8 to 
12). LD of the associated markers is illustrated in supplementary figures 1 to 7. 
 
BKI1 was the BR signaling candidate gene with more markers associated with multiple traits 
(Table 8). Although the phenotypic variation that each associated marker explains is less 
than 5%, this is a very interesting candidate gene considering that it was associated with six 
phenotypes and eight markers within BKI1 were associated with more than one trait. These 
results are not surprising considering that BKI1 is the BR signaling pathway repressor and 
thus, variations in the gene could be responsible for variations in multiple phenotypes. 
Markers in the gene have an average LD of 0.45 and six of them were in perfect LD (r2=1).  
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Table 8. Associated markers and phenotypes for BKI1. Bold markers are in perfect LD (r
2
=1). 
LD: minimum –maximum r
2 
and average in bold 
 
Gene / 
Pathway
Marker Trait markerR2 p-value q-value LD
0.03*-1.00
0.46
*low LD with 
61884883
4.07E-03 0.11
1.67E-02 0.17
1.31E-02 0.14
1.48E-02 0.22
4.07E-03 0.11
1.48E-02 0.22
2.90E-02 0.25
7.21E-03 0.12
1.42E-02 0.22
2.01E-02 0.25
8.71E-03 0.12
1.67E-02 0.23
6.62E-04 0.13
2.01E-02 0.25
8.71E-03 0.12
5.95E-03 0.18
3.47E-03 0.11
1.83E-02 0.25
7.82E-03 0.18
5.95E-03 0.18
3.47E-03 0.11
1.15E-02 0.23
9.27E-04 0.15
3.58E-03 0.13
2.3%
3.0%
2.0%
2.2%
2.2%
1.7%
2.8%
2.5%
2.3%
3.0%
2.1%
5.2%
1.9%
2.4%
1.9%
2.4%
3.0%
4.8%
4.2%
2.7%
2.8%
3.2%
2.8%
3.2%
Flowering 
time
Stem 
Circumfer
Flowering 
time
Stem 
Circumfer
Panicle 
Exsertion
Stem 
Circumfer
Flowering 
time
Stem 
Circumfer
Flowering 
time
Panicle 
length
Stem 
Circumfer
Flowering 
time
Flowering 
time
Stem 
Circumfer
Panicle 
length
Plant Height
Flowering 
time
Stem 
Circumfer
Leaf angle
Panicle 
Exsertion
Panicle 
length
Flowering 
time
Flowering 
time
Stem 
Circumfer
S2_61887636
S2_61887936
S2_61888021
S2_61888022
S2_61889576
S2_61888935
S2_61885324
S2_61882507
S2_61884861
S2_61884862
S2_61884870
S2_61884883
S2_61886471
S2_61886473
BKI1
Signaling
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BSU1 and BSK1 were other signaling candidate genes associated with a several traits, 
although few markers were found associated with more than one trait.  
 
Table 9. Associated markers and phenotypes with BSU1 and BSK1 candidate genes.  
Markers in bold are in perfect LD (r
2
=1). LD: minimum –maximum r
2 
and average in bold 
 
Gene Marker Trait markerR2 p-value q-value LD
0.01*-1.0
0.51
*low LD with 
53602187
0.02*-0.90
0.26
*low LD with 
52586179, 
52589217 
1.33E-02 0.25
1.22E-02 0.22
2.66E-03 0.17
4.50E-03 0.17
1.22E-02 0.17
8.03E-03 0.18
1.55E-02 0.17
1.09E-02 0.17
7.48E-03 0.18
6.62E-03 0.20
2.26E-02 0.16
7.77E-03 0.12
1.19E-03 0.17
3.02E-02 0.25
2.73E-02 0.25
1.51E-02 0.25
9.37E-03 0.24
3.02E-02 0.25
3.02E-02 0.25
4.63E-03 0.17
6.44E-03 0.17
1.09E-02 0.17
4.2%
3.1%
2.8%
3.1%
3.3%
2.9%
2.3%
4.5%
3.5%
3.0%
2.3%
4.2%
2.9%
3.0%
2.7%
2.6%
2.0%
2.0%
2.0%
1.8%
5.5%
4.3%
Panicle 
length
Panicle 
length
Panicle 
length
Stem 
Circumfer
Stem 
Circumfer
Number of 
Tillers
Panicle 
Exsertion
Panicle 
Exsertion
Panicle 
Exsertion
Panicle 
length
Panicle 
length
Panicle 
length
Flowering 
time
Leaf angle
Leaf angle
Panicle 
length
Panicle 
Exsertion
Flowering 
time
Panicle 
length
Panicle 
Exsertion
Flowering 
time
Panicle 
Exsertion
S1_52590019
S1_52587692
S1_52590030
S1_52586179
S1_52589217
S8_53596911
S8_53606154
S8_53600913
S8_53602187
S8_53597033
S1_52588681
S8_53596419
S8_53602475
S8_53604642
S8_53606143
S8_53596901
S8_53596909
BSU 1
Signaling
BSK 1
Signaling
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Other markers in BR signaling pathway candidate genes were found associated with 
multiple traits and in some cases, one marker was associated with more than one trait 
(Table 10).   
 
Table 10. Associated markers and phenotypes with BES1, BRL2, BSK2, BIN2, and TTL. Markers in bold 
are in perfect LD (r
2
=1). LD: minimum –maximum r
2
 and average in bold 
 
Ten candidate genes in the biosynthesis pathway were found associated with different 
traits. Eight markers in the BR biosynthesis repressor BAS1 were associated with four 
Gene Marker Trait markerR2 p-value q-value LD
0.63 - 0.98
0.75
0.002
0.85-1.0
0.90
>0.01
a-b versions
0.81-1.0
0.87
NA9.75E-03 0.13
1.25E-02 0.14
3.21E-03 0.11
3.21E-03 0.11
2.25E-03 0.102
1.07E-04 0.02
1.47E-02 0.25
1.64E-05 0.001
1.93E-05 0.001
1.93E-05 0.001
3.65E-03 0.18
6.92E-03 0.12
2.68E-02 0.25
4.57E-03 0.11
3.80E-03 0.17
4.59E-03 0.17
3.18E-02 0.25
1.25E-02 0.23
3.1%
2.3%
6.2%
4.2%
5.1%
3.0%
3.2%
3.1%
3.4%
4.2%
3.4%
2.1%
6.9%
6.2%
1.7%
2.7%
3.3%
4.1%
Stem 
Circumfer
Stem 
Circumfer
Stem 
Circumfer
Stem 
Circumfer
Panicle 
length
Panicle 
length
Panicle 
length
Panicle 
length
Stem 
Circumfer
Stem 
Circumfer
Stem 
Circumfer
Leaf angle
Leaf angle
Flowering 
time
Stem 
Circumfer
Panicle 
length
Panicle 
length
Leaf angle
S3_13871156
S3_13871180
S1_49657476
S1_49657259
S2_71773005
S1_56871298
S1_49657281
S4_9961357
S3_13875989
S3_13870895
TTL
Signaling
S2_71772882
S2_71776768
S1_46097621
S1_46095930
BIN 2 / 
DWF 12 a 
BIN 2 / 
DWF1 2b 
Signaling
BSK 2
Signaling
BRL2
Signaling
BES 1
Signaling
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phenotypes. DWF7 (nine markers) and CP450 /CYP90D1 (five markers) were associated 
with three phenotypes of interest (Table 11). 
 
Table 11. Associated markers and phenotypes for BAS1, DWF7, and CP450. Markers in bold are in 
perfect LD (r
2
=1). LD: minimum –maximum r
2
 and average in bold 
 
Gene Marker Trait markerR2 p-value q-value LD
S3_7230278
Stem 
Circumfer
2.4% 2.18E-02 0.16
S3_7230280
Stem 
Circumfer
2.4% 2.18E-02 0.16
S3_7231007
Stem 
Circumfer
2.5% 1.06E-02 0.13
S3_7230275
Stem 
Circumfer
2.4% 2.18E-02 0.16
0.23
S3_7221884 Leaf angle 2.9% 1.37E-02 0.23
0.004*-1.00
0.39
Stem 
Circumfer
2.6% 1.56E-02 0.16
S3_7221847 Leaf angle 2.9% 1.37E-02 0.23
DWF 7
Biosynthesis
S3_7222075
Leaf angle 3.6% 7.47E-03 0.23
S3_7221851 Leaf angle 2.9% 1.37E-02
S3_7230281
Stem 
Circumfer
2.4% 2.18E-02 0.16
*low LD with 
7230280
S3_4521544
Number of 
Tillers
2.4% 6.61E-03 0.18
*low LD with 
4523000
S3_4522614
Panicle 
length
1.5% 3.05E-02 0.25
S3_4522028
Number of 
Tillers
2.9% 6.13E-03 0.18
1.64E-03 0.17
S3_4523000
Panicle 
length
2.7% 2.53E-02 0.25
<0.01*-1.0
0.18
S3_4520612
Flowering 
time
4.0% 5.87E-04 0.05
S3_4518436
Flowering 
time
4.8% 7.28E-04
BAS 1
Biosynthesis
S3_4520606
Flowering 
time
4.0% 5.87E-04 0.05
0.05
S3_4518790 Leaf angle 6.3%
S2_69321635
Number of 
Tillers
2.7% 3.76E-03 0.17
*low LD with 
69321542 
S2_69321542
Panicle 
Exsertion
2.5% 1.33E-02 0.17
S2_69324174
Number of 
Tillers
4.0% 1.55E-03 0.17
2.5% 9.08E-03 0.17
Number of 
Tillers
3.1% 3.12E-03 0.17CP 450 
/CYP90D 1
Biosynthesis
S2_69324014
Panicle 
Exsertion
3.4% 3.66E-03 0.17
0.08*-0.83
0.24
S2_69324927
Panicle 
Exsertion
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Other BR biosynthesis candidate genes were found associated with up to three phenotypes 
of interest  as shown in Table 12.  
 
Table 12. Associated markers and phenotypes for CPD/P90A1, ROT3, BRox1/BRox2, CBB1, 
DET2, DWF11, and DWF4. Markers in bold are in perfect LD (r
2
=1). 
LD: minimum –maximum r
2
 and average in bold 
 
 
One of the most interesting results in this study was the identification of 19 markers from 
10 candidate genes that were found associated with more than one trait. The effect of 
those markers on the phenotype was consistent with the phenotypic correlations 
previously described (Table 13). 
Gene Marker Trait markerR2 p-value q-value LD
NA
0.031-1.0
0.35
0.05-0.94
0.36
0.01 - 0.7
0.25
NA
NA
NA
3.06E-02 0.25
4.31E-03 0.27
4.27E-03 0.27
2.12E-02 0.16
4.86E-03 0.18
1.78E-02 0.25
1.62E-02 0.17
5.91E-03 0.18
1.10E-02 0.22
3.06E-02 0.25
3.42E-03 0.17
3.80E-03 0.17
1.59E-02 0.17
2.21E-02 0.16
9.84E-03 0.17
9.84E-03 0.17
1.6%
1.6%
5.9%
3.0%
2.7%
2.2%
4.1%
2.7%
3.7%
2.9%
2.4%
2.6%
3.0%
3.0%
5.7%
4.6%
Number of 
Tillers
Flowering 
time
Panicle 
Exsertion
Stem 
Circumfer
Panicle 
length
Panicle 
length
Number of 
Tillers
Panicle 
Exsertion
Flowering 
time
Panicle 
length
Panicle 
Exsertion
Plant Height
Plant Height
Stem 
Circumfer
Panicle 
Exsertion
Panicle 
Exsertion
S1_14440282
S1_14447711
S1_14447718
S4_67665759
S5_2717778
S5_2712388
S5_1249518
S5_1249461
S5_1250575
S1_14447594
S5_2717774
DWF 4
Biosynthesis
S1_65140451
ROT 3 
/CYP 90C1
Biosynthesis
CPD/ P90A 1
Biosynthesis
S3_62355834
DWF 11
Biosynthesis
S6_49167463
CBb 1
Biosynthesis
DET 2
Biosynthesis
BR 6ox 1/  
BR 6ox2
Biosynthesis
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Table 13. Markers associated with more than one phenotype and their effect on the trait. Effects on 
green are in accordance with significant correlated phenotypes. Bold markers are in perfect LD (r
2
=1)
 
 
One of those markers, S2_61887636 in the candidate gene BKI1, was associated with 
flowering time, panicle length and stem circumference. The presence of the nucleotide G 
over the nucleotide C reduces the flowering time, panicle length and stem circumference. 
The results are consistent with the phenotypic correlations because flowering time, panicle 
length and stem circumference were positively and significantly correlated.  These findings 
provide robustness to the results and suggest that these markers could be useful in 
breeding programs to select and improve multiple plant architecture characteristics 
simultaneously. 
Gene/Path Marker Phenotype R2 SNP Effect Gene/Path Marker Phenotype R2 SNP Effect
A -4.66 G -2.93
T 0.00 C 0.00
A -2.72 G 1.58
T 0.00 C 0.00
A -1.86 G 2.17
T 0.00 C 0.00
A -1.98 T 3.09
C 0.00 G 0.00
A -0.40 T -1.67
C 0.00 G 0.00
A -1.98 G -7.69
C 0.00 T 0.00
A -0.40 G 2.75
C 0.00 T 0.00
G -1.69 G -2.23
T 0.00 T 0.00
G -0.37 G -0.41
T 0.00 T 0.00
G -1.69 G -3.64
T 0.00 A 0.00
G -0.37 G -0.49
T 0.00 A 0.00
G -1.77 A -3.78
C 0.00 G 0.00
G -2.13 A -0.56
C 0.00 G 0.00
G -0.38 T 2.58
C 0.00 A 0.00
A -1.75 T -0.20
T 0.00 A 0.00
A -0.39 C -7.61
T 0.00 A 0.00
A -1.75 C 0.41
T 0.00 A 0.00
A -0.39 G 1.93
T 0.00 A 0.00
G -2.08 G 2.21
T 0.00 A 0.00
G 5.87 G 34.50
T 0.00 A 0.00
G -0.40 G -0.37
T 0.00 A 0.00
2.8%
3.2%
1.9%
2.4%
1.9%
2.4%
2.2%
1.7%
2.8%
ROT 3 / 
CYP90C 1
Biosynthesis
S5_1250575
Plant Height 3.7%
Stem 
circumfer
2.9%
CPD
Biosynthesis
S5_2712388
Flowering 
time
5.7%
Panicle 
length
4.6%
3.5%
Stem 
circumfer
3.0%
DWF 7
Biosynthesis
S3_7222075
Leaf angle 3.6%
Stem 
circumfer
2.6%
CP 450 
/CYP90D 1
Biosynthesis
S2_69324927
Panicle 
Exsertion
2.5%
Number of 
Tillers
3.1%
BSK 1
Signaling
S1_52588681
Panicle 
Exsertion
S1_52589217
3.3%
BRL 2 
Signaling
S1_46097621
Flowering 
time
4.2%
Stem 
circumfer
3.4%
4.2%
Panicle 
length
3.1%
Leaf angle
BIN 2
Signaling
S3_13870895
Panicle 
length
3.0%
Stem 
circumfer
3.2%
BSU 1
Signaling
S8_53600913
Panicle 
length
2.9%
Flowering 
time
3.0%
Panicle 
length
2.8%
S1_52590019
Panicle 
Exsertion
3.1%
Flowering 
time
3.3%
Flowering 
time
Stem 
circumfer
S2_61886473
Flowering 
time
Stem 
circumfer
BES 1
Signaling
S2_71773005
Panicle 
length
1.7%
Leaf angle 2.7%
Stem 
circumfer
S2_61888022
Flowering 
time
Stem 
circumfer
2.3%
3.0%
2.3%
3.0%
2.8%
Stem 
circumfer
3.2%
S2_61884862
Flowering 
time
Stem 
circumfer
BKI 1
Signaling
S2_61882507
Panicle 
Exsertion
4.8%
Panicle 
length
4.2%
Flowering 
time
2.7%
S2_61884861
Flowering 
time
S2_61887636
Flowering 
time
Panicle 
length
Stem 
circumfer
S2_61888021
Flowering 
time
Stem 
circumfer
S2_61886471
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CHAPTER 5 
DISCUSSION 
The understanding of the genetics behind plant architecture traits is a key element for the 
improvement of sorghum varieties for biofuel production in sorghum. This study is the first 
report of association analysis between plant architecture and BR candidate genes. The 
purpose was to test marker-trait associations between BR candidate genes and plant 
architecture traits. This goal was achieved, demonstrating that BR candidate genes have an 
effect on plant architecture phenotypes in sorghum, as it has been shown in other species. 
This study is the first quantitative mapping analysis for some plant architecture traits such 
as leaf angle, number of tillers, number of internodes, and stem circumference. It was 
possible to identify 82 markers in BR candidate genes associated with seven plant 
architecture traits. Moreover, 19 markers were associated with multiple traits, suggesting 
possible pleiotropic effects.  
 
Population Structure 
Sorghum presents a very large morphological differentiation in the subspecies bicolor. 
Harlan and De Wet (1972)  proposed a classification for cultivated sorghums based on the 
panicle and spikelet differences, presence or absence of awns, color of  glumes and grain. 
Based on those morphological differences, sorghum was classified into five major races: 
Bicolor, Guinea, Kafir, Durra and Caudatum. 
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The sorghum diversity panel used in this study has been classified by different authors 
based on molecular markers, although some disagreements exist between the 
subpopulation divisions. Casa et al. (2008) used 377 accessions of the association panel and 
identified nine and ten possible subpopulations based on the information of 48 simple 
sequence repeats (SSRs). Both classifications were consistent for the races Kafir, Durra and 
Caudatum, the intermediate races Guinea/Caudatum (West Africa) and the working groups 
zerazera/Caudatum and milo/feterita. However, some disagreements were found for the 
classification of the intermediate races Guinea/Caudatum (East Africa), Guinea/bicolor and 
Caudatum/Kafir. 
 
Some years later, Brown et al. (2011) reported the population structure of 216 sorghum 
converted lines using 434 markers (SNPs and SSRs). In this study, 4 subpopulations were 
clearly identified corresponding to the four races Guinea, Kafir, Durra and Caudatum, while 
the bicolor race was not identified. The authors concluded that the bicolor race is more 
heterogeneous than the other four sorghum races. 
 
Finally, Sukumaran et al. (2012) identified five subpopulations using 1290 SNPs across the 
genome of 300 individuals of the same association panel used in this study. The five 
subpopulations corresponded to three major races Durra, Kafir and Caudatum, one 
intermediate race Guinea/Caudatum and one working group zerazera-Caudatum. 
 
The population structure identified in this study consists of five subpopulations as reported 
by Sukumaran et al (2012). Three major races, corresponding to Durra, Kafir and Caudatum 
were clearly identified as reported in previous studies (Sukumaran et al., 2012; Brown et al., 
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2001; Casa et al., 2008) and the intermediate races Guinea/bicolor and Guinea/Caudatum 
(West Africa) were identified as separate groups, in agreement with Casa et al. (2008). 
Subpopulation Q1, which consists of the intermediate race Guinea/bicolor, has a small 
representation of individuals which is consistent with the results reported by Morris et al. 
(2013) when determining the population structure of the association panel at k=5 
subpopulations. Genetic admixture is observed since certain individuals were not clearly 
identified as members of one of the subpopulations and could belong to another group as 
well. This phenomenon has also been reported in other studies (Casa et al., 2008 and 
Morris et al., 2013). 
 
Different reasons can explain the inconsistent results of population structure in different 
studies. Morphological characteristics do not necessarily reflect differences in the whole 
genome. It is possible that morphological differences are due to a few genes with major 
effects and those differences are not captured by the randomly selected markers across the 
genome. Moreover, if markers used in these studies were in LD, false clustering of 
individuals could occur. To avoid this potential problem, SNPs with a minimum distance of 
350 Kb were used in this study. 350 Kb is the estimated average distance of LD decay to less 
than r2=0.1 for the association panel (Morris et al., 2013). 
 
Association Analysis Models 
The number of associated markers is reduced when the coefficient of co-ancestry is 
included in the model because it corrects for spurious associations than can be produced by 
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multiple levels of relatedness among lines (Yu et al., 2006). In general for all the 
phenotypes, there was a better approximation of the observed p-values to the expected p-
values when MLM was used. These results are consistent with other studies on candidate 
genes and genome wide association analysis in sorghum (Casa et al., 2008; Sukumaran et 
al., 2012; Morris et al., 2013). 
 
Marker Trait Association Analysis 
In this study, FDR was used to assign a measure of significance to marker-trait associations 
instead of other correction factors. Bonferroni correction is considered strict because it 
severely reduces the p-value threshold and some important associations might be missed, 
generating type II errors (Kerr and Thornton, 2013; Storey and Tibshirani, 2003). Moreover, 
Bonferroni correction factor corrects for multiple independent comparisons, but some 
markers are not independent because they have a high LD.  FDR controls for type I errors, 
does not increase type II errors, and the threshold is more flexible. 
 
A total of 82 markers were found associated with seven phenotypes, explaining a small 
percentage of the variation (less than 7%). These results are expected since plant 
architecture phenotypes are quantitative traits, which means that more than one gene is 
responsible for the expression of the phenotype. Therefore, the presence of multiple 
markers, from different genes, associated with a particular phenotype is expected and 
provides robustness to the results.   
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Panicle length is the trait associated with more candidate genes: three from the BR 
biosynthesis pathway and seven from the signaling pathway. Markers associated with 
panicle length were localized on chromosomes 1, 2, 3, 4, 5 and 8. Morris et al. (2013) 
identified markers associated with inflorescence branch length, a panicle length associated 
trait, in the same chromosomes. The highest proportion of the variation in panicle length 
was explained by markers on chromosome 1 (gene BSK2) which are 1,400 Kb - 6,000 Kb 
from the five associated markers for inflorescence branch length identified by Morris et al 
(2013). In addition, the marker for the candidate gene BSK1 on chromosome 1 is between 
900 – 3,100 Kb to those five associated markers for inflorescence branch length (Morris et 
al., 2013). The same situation occurs with markers present on chromosome 2 (gene BKI1) 
and chromosome 3 (BAS1) which are at a distance of 7,000 Kb and 700 Kb to the associated 
markers found for Morris et al. (2013) respectively.  
 
Markers associated with plant height were not in the same chromosomes or close to the 
markers reported by Morris et al. (2013) using GLM. This study used GWAS approach and 
Bonferroni correction factor was used to identify significant markers, which can set a strict 
threshold. This means that some markers that were actually associated with the trait were 
not considered associated. Other QTL analysis for plant height have been performed in 
sorghum but no QTL were identified on chromosomes 2 and 5. Most previously reported 
QTL for plant height were on chromosomes 1, 3, 6, 7, 9 and 10 (Pereira and Lee, 1995; 
Salas-Fernandez, 2009). It is important to emphasize that the gene DW3 (homolog to DWF3 
in Arabidopsis) has been cloned and identified on chromosome 7, while the gene DW1 has 
been mapped on chromosome  9 (Brown et al. 2008; Morris et al., 2013; Thurber et al., 
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2013). It is suspected that DW2 is on chromosome 6 (Thurber et al., 2013). All those genes 
(DW1, DW2 and DW3) have a major effect on plant height and it can be a reason why the 
associated markers identified in this study explained less than 6% of the variation.  
 
Markers associated with flowering time were localized on chromosomes 1, 2, 3 and 5. 
Markers for the candidate gene BSK1, on chromosome 1, are between 8,000Kb and 
10,000Kb from the SSR markers Xtxp61 and Xtxp75 respectively, that were found 
associated with the control of flowering time (El Mannai et al., 2011). Also, markers for the 
candidate gene BKI1, on chromosome 2, are 4,000 Kb to 6,000 Kb from the markers 
Xtxp298 and Xtxp13 also found associated with the control flowering (El Mannai et al., 
2011). The gen Ma1 has been mapped to chromosome 6, and explains 45% of flowering 
time variation (Murphy et al., 2011; Li et al., 2013). Based on this information, it is possible 
that markers identified in this study had a small effect on flowering time because there are 
other with large effects controlling this phenotype.  
 
Multiple phenotypes associated with one candidate gene marker 
The presence of 19 markers associated with more than one trait suggests that BR candidate 
genes are likely to present pleiotropic effect. Pleiotropy has been reported in plants since 
Mendel, when he described that seed coat color in peas were associated with colored 
flowers and colored leaf axis (Fairbanks & Rytting, 2001). Pleiotropy has also been reported 
for many BR Arabidopsis and rice mutants (Fijioka et al., 1997; Choe et al., 1999 a-b; 
Yamamuro, et al., 2000; Choe et al., 2002; Yin et al., 2002) Loss of function in the rice gene 
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BRI1, OsBRI1, prevents internode elongation and generates phenotypes with small leaf 
angle (Yamamuro, et al., 2000). Sakamoto et al. (2006) reported that BR deficient mutants 
generate erect leaves and increase biomass production and grain yield in rice. Also, the rice 
orthologous gene DWF4, OsDWARF4, was found responsible for increasing BR synthesis and 
promoting plant height, while the knockout of OsDWARF4, generated smaller seeds (Wu et 
al., 2008). 
 
Candidate gene BKI1 was associated with the majority of the traits of interest: flowering 
time, leaf angle, panicle length, panicle exsertion, plant height and stem circumference. 
This candidate gene is located on chromosome 2 in the sorghum genome.  BKI1 is a 
negative regulator of brassinosteroid signaling. Arabidopsis mutants in BKI1 have shown 
phenotypes affected in rosette radius, leaf angle, plant height and petiole length (Jaillais et 
al., 2011). However, no previous reports of mutants in rice or other related species have 
been identified.   
 
Another candidate gene associated with more than one phenotype was BSK1, that affected 
panicle exsertion, panicle length, leaf angle and flowering time. BSK1 mediates signal 
transduction from receptor kinase BRI1 by functioning as the substrate of BRI1. The 
candidate gene for BSK1 in sorghum is located in chromosome 5, at a distance 1,100 Kb 
downstream of the marker associated with branch length according to Morris et al. (2013). 
In Arabidopsis, there are up to 12 BR-Signaling kinases (BSKs) proteins, with redundant 
effects (Shivakumar et al., 2013). BSK1 and BSK3 proteins are the only ones that interact 
with BRI1 (Tang et al., 2008). BSK1 mutants in Arabidopsis have not shown a significant lost-
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of function phenotype, however, mutations in multiple BSKs generate reduced rosette size, 
leaf curling and higher leaf inclination (Shivakumar et al., 2013). 
 
No mutants have been reported for BKI1 and BSK1 in rice, but, proteins from both genes 
interact with BRI1 protein and BRI1 mutants have been extensively characterized. 
Sakamoto et al. (2013) identified three brassinosteroid-insensitive OsBRI1 gene mutants 
(d61-1N, d61-11, and d61-12) which showed different phenotypes for plant stature, leaf 
angle, internode elongation pattern, and seed shape. Mutations in OsBRI1 generate short 
plants, reduced leaf angle, abnormal and twisted leaves, reduced internode elongation and 
plants without flowers (Sakamoto et al., 2013). As proteins transcribed by BSK1 and BKI1 
genes interact directly with BRI1, it is possible to speculate that similar effects on the 
phenotype could be observed.  
 
Phenotypic correlations and marker trait-associations 
In this study, all the markers found associated with more than one trait of interest are 
consistent with the phenotypic correlations (Table 13). These results provide additional 
evidence to confirm that markers were accurately associated with phenotypes. 
 
Associated markers and the real cause of phenotypic variation 
A change in one nucleotide can potentially cause an important change in the transcribed 
RNA and translated protein, which can be the cause of variation in the phenotype. 
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However, the association analysis using candidate genes is unlikely to pinpoint the real 
cause of phenotypic variation if LD is extensive. In this case it is possible that the associated 
marker is in LD with the QTL. Results indicate that, in general, the LD between markers in 
the same gene was r2>0.2. Therefore if one of the associated markers is the real cause of 
variation, it is expected to find other markers in the same gene associated as well. Likewise, 
if the real cause of variation is not in the candidate gene but on the same chromosome 
region, it is possible to find markers around the causal polymorphism associated with the 
trait because of the high LD. Additionally, markers can be in LD with markers on different 
linkage groups, or different chromosomes, known as gametic phase LD.  
 
Future Studies 
Association mapping was successful in the identification of markers in BR signaling and 
biosynthesis genes associated with plant architecture traits. Further studies should be 
directed to confirm whether the allelic variation in those candidate genes is the causal 
polymorphism affecting the phenotypes or not. Testing the associated markers in other 
sorghum populations with smaller LD is one alterative experimental approach. Additionally, 
association analysis using haplotypes instead of individual markers could be used to 
corroborate the associations identified in this study. 
 
Additional phenotypes previously associated with BRs could be evaluated as well, such as 
percentage of germination, leaf architecture, root architecture, internode elongation and 
grain size.  
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Finally, candidate gene association studies using other plant hormones (gibberellic acid, 
auxins and cytokinins) could be evaluated to fully characterized the genetic mechanismos 
controlling plant architecture. Genome wide association analysis (GWAS) will be performed 
to test the association between markers distributed throughout the genome and plant 
architecture traits. 
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SUPPLEMENTARY INFORMATION 
Supplementary Tables 1 to 7 are the results of the association analysis per trait. Markers in 
green were significantly associated with in more than one trait. Markers in red were in 
perfect LD (r2=1). 
 
Supp. Table 1. Marker associations for flowering time. 
Trait Marker p-value q-value R
2
SNP Effect Gene Pathway
G 2.001289
C 0
C 2.001289
T 0
T -2.33759
C 0
G -2.23125
T 0
G 1.931563
A 0
G -1.98337
T 0
A -1.98337
C 0
A -1.86218
T 0
G 1.576243
C 0
T -1.67411
G 0
A -1.23816
G 0
T -1.99825
C 0
C -1.59628
G 0
A -1.74782
T 0
C -1.74782
T 0
G -1.77255
C 0
T -1.68952
G 0
G -1.68952
T 0
2.5%
BKI1 Biosynthes is
2.3%
2.3%
2.2%
1.9%
1.9%
3.0%
BSK1 Signal ing3.3%
2.3%
2.2% DWF4 Biosynthes is
5.7% CPD Biosynthes is
2.8%
BKI1 Signal ing2.8%
2.7%
4.0%
BAS1 Biosynthes is4.0%
4.8%
4.2% BRL2 Signal ing
S2_61886471 2.01E-02 0.252
S2_61886473 2.01E-02 0.252
FLOWERING 
TIME
S2_61888022 1.48E-02 0.222
S2_61887636 1.67E-02 0.234
S2_61887936 1.42E-02 0.222
S2_61888021 1.48E-02 0.222
S1_52590030 1.22E-02 0.222
S1_65140451 1.10E-02 0.222
S1_52588681 7.48E-03 0.180
S1_52590019 8.03E-03 0.180
S2_61884862 5.95E-03 0.180
S2_61882507 7.82E-03 0.180
S5_2712388 4.86E-03 0.180
S2_61884861 5.95E-03 0.180
S3_4518436 7.28E-04 0.055
S1_46097621 3.65E-03 0.180
S3_4520606 5.87E-04 0.055
S3_4520612 5.87E-04 0.055
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Supp. Table 2. Marker associations for leaf angle. 
 
 
Supp. Table 3. Marker associations for number of tillers. 
Trait Marker p-value q-value R
2
SNP Effect Gene Pathway
C -6.40322
G 0
G -7.60581
C 0
G -7.68993
T 0
C 7.278456
G 0
A -7.63353
G 0
C -7.60753
A 0
A -8.29062
C 0
G 5.867234
T 0
A -6.61376
G 0
T -6.61376
C 0
A -6.61376
G 0
2.9%
DWF7 Biosynthes is2.9%
2.9%
3.0% BKI1 Signal ing
2.7% BES1 Signal ing
4.1%
BES1 Signal ing
3.4%
3.6% DWF7 Biosynthes is
6.3% BAS1 Biosynthes is
4.5%
BSK1 Signal ing
4.2%
S3_7221851 1.37E-02 0.228
S3_7221884 1.37E-02 0.228
LEAF
ANGLE
S2_71773005 1.25E-02 0.228
S3_7221847 1.37E-02 0.228
S3_7222075 7.47E-03 0.227
S2_61885324 1.15E-02 0.228
S2_71772882 3.80E-03 0.168
S2_71776768 4.59E-03 0.168
S1_52586179 2.66E-03 0.168
S1_52589217 4.50E-03 0.168
S3_4518790 1.64E-03 0.168
Trait Marker p-value q-value R
2
SNP Effect Gene Pathway
G -0.39462
A 0
T 0.302843
A 0
T -0.20447
A 0
C 0.24736
G 0
C -0.30416
T 0
G 0.206863
A 0
G 0.500766
C 0
G 0.504913
C 0
Biosynthes is
S3_4521544 6.61E-03 0.182 2.4%
2.7%
S4_67665759 3.42E-03 0.166 5.9%
S6_49167463 5.91E-03 0.182 2.7% DWF11
S3_4522028 6.13E-03 0.182 2.9%
BAS1
CBB1 Biosynthes is
NUMBER OF 
TILLERS  
S8_53597033 1.19E-03 0.166 4.2%
0.166
BSU1 Signal ing
S2_69324174 1.55E-03 0.166 4.0%
CP450 
/CYP90D1
Biosynthes isS2_69324927 3.12E-03
Biosynthes is
3.1%
S2_69321635 3.76E-03 0.166
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Supp. Table 4. Marker associations for plant height 
 
 
Supp. Table 5. Marker associations for panicle exsertion. 
 
Trait Marker p-value q-value R
2
SNP Effect Gene Pathway
C -32.239
G 0
G 34.50237
A 0
A -26.6549
G 0
5.2% BKI1 Signal ing
3.7%
ROT3 
/CYP90C1
Biosynthes is
2.7%S5_1249461 4.31E-03 0.274
PLANT 
HEIGHT
S2_61884883 6.62E-04 0.126
S5_1250575 4.27E-03 0.274
Trait Marker p-value q-value R
2
SNP Effect Gene Pathway
A -4.65637
T 0
G -3.1297
A 0
C -3.41709
T 0
T -4.84636
C 0
C -5.10072
T 0
T 2.584517
A 0
T -2.86899
C 0
T -2.86899
A 0
C -2.60738
T 0
G -2.92545
C 0
T 3.088908
G 0
C 3.046172
T 0
T 2.842526
C 0
G -5.0616
A 0
T -6.50197
C 0
A -2.75587
C 0
4.1% CPD Biosynthes is
2.0% BKI1 Signal ing
2.5%
CP450 
/CYP90D1
Biosynthes is
2.4%
BR6ox 1 
BR6ox 2
Biosynthes is
2.7% BSU1 Signal ing
2.9%
BSK1 Signal ing3.1%
2.9%
2.5%
CP450 
/CYP90D1
Biosynthes is
3.0%
CPD Biosynthes is
3.0%
3.0% DET2 Biosynthes is
5.5%
BSU1 Signal ing
4.3%
4.8% BKI1 Signal ing
3.4%
CP450 
/CYP90D1
Biosynthes is
S5_1249518 1.62E-02 0.166
S2_61889576 1.67E-02 0.166
PANICLE 
EXSERTION
S2_69321542 1.33E-02 0.166
S1_14447594 1.59E-02 0.166
S1_52590019 1.22E-02 0.166
S1_52587692 1.55E-02 0.166
S8_53604642 1.09E-02 0.166
S1_52588681 1.09E-02 0.166
S5_2717774 9.84E-03 0.166
S5_2717778 9.84E-03 0.166
S8_53602475 6.44E-03 0.166
S2_69324927 9.08E-03 0.166
S3_62355834 3.80E-03 0.166
S8_53596419 4.63E-03 0.166
S2_61882507 9.27E-04 0.148
S2_69324014 3.66E-03 0.166
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Supp. Table 6. Marker association for panicle length. 
Trait Marker p-value q-value R
2
SNP Effect Gene Pathway
T -3.6243
C 0
G 3.479984
A 0
G 3.479984
T 0
T 4.124404
C 0
A -3.78046
G 0
A -2.72484
T 0
G 2.171869
C 0
G 2.753573
T 0
G -2.66898
A 0
G -3.63538
A 0
G -2.11065
C 0
G -2.11065
C 0
C -2.11065
T 0
A -2.20982
C 0
G 2.212761
A 0
T 2.356694
C 0
G -2.12779
C 0
T 3.278919
G 0
T -1.98825
C 0
G -2.03016
T 0
C -2.60019
A 0
A -2.60019
G 0
G -2.07567
T 0
0.252 3.0%
BIN2  / 
DWF12
Signal ing
1.7% BES1 Signal ing
2.1% BRL2 Signal ing
1.6%
BR6ox 1/ 
BR6ox 2
Biosynthes is
1.6%
PANICLE 
LENGTH
2.1%
BKI1 Signal ing
1.7%
2.7%
BAS 1 Signal ing
1.5%
2.0%
1.8%
4.6% CDP Biosynthes is
2.8%
BSK1 Signal ing
3.1%
2.6%
BSU1 Signal ing
3.5%
2.0%
2.0%
6.2%
4.2%
4.2% BKI1 Signal ing
6.9%
BSK2 Signal ing6.2%
S2_71773005 3.18E-02 0.252
S1_14447711 3.06E-02 0.252
S1_14447718 3.06E-02 0.252
S3_4522614 3.05E-02 0.252
S1_46095930 2.68E-02 0.252
S2_61887636 2.90E-02 0.252
S3_4523000 2.53E-02 0.252
S5_2712388 1.78E-02 0.252
S2_61884870 1.83E-02 0.252
S8_53606154 2.73E-02 0.252
S8_53596909 3.02E-02 0.252
S8_53596911 3.02E-02 0.252
S8_53600913 1.51E-02 0.252
S8_53596901 3.02E-02 0.252
S1_52589217 1.33E-02 0.252
S8_53606143 9.37E-03 0.244
S2_61882507 3.58E-03 0.130
S1_52588681 6.62E-03 0.201
S3_13870895 1.47E-02
S1_49657281 1.93E-05 0.001
S4_9961357 2.25E-03 0.102
S1_49657476 1.64E-05 0.001
S1_49657259 1.93E-05 0.001
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Supp. Table 7. Marker association for stem circumference. 
Trait Marker p-value q-value R
2
SNP Effect Gene Pathway
A -0.65688
C 0
C -0.4833
T 0
T -0.4833
G 0
A -0.55688
G 0
G -0.39957
T 0
A -0.39957
C 0
A -0.39428
T 0
C -0.39428
T 0
G -0.39556
T 0
G -0.29296
T 0
G -0.40762
T 0
G -0.37965
C 0
T -0.36519
G 0
G -0.36519
T 0
C 0.488536
T 0
C -0.26169
A 0
G -0.48697
C 0
C 0.406367
A 0
G 0.372148
A 0
C 0.372148
T 0
T 0.372148
C 0
A 0.372148
G 0
G -0.35039
C 0
G -0.3666
A 0
A -0.42178
G 0
G -0.49074
A 0
3.2%
BIN2/ 
DWF12
Signal ing
2.9% ROT3 Biosynthes is
2.6%
BR6ox 1 
BR6ox 2
Biosynthes is
2.2% BKI1 Signal ing
2.5%
DWF7 Biosynthes is
2.6%
2.4%
2.4%
3.0% BSU1 Signal ing
2.4%
2.4%
2.3% BSU1 Signal ing
2.3% TTL Signal ing
3.4% BRL2 Signal ing
2.8%
BKI1 Signal ing2.4%
2.4%
BKI1 Signal ing
3.2%
3.0%
3.0%
3.3%
BES1 Signal ing
2.5%
STEM 
CIRCUMFER
5.1%
3.1%
3.1%
3.2%
S8_53600913 2.26E-02 0.160
S5_1250575 2.12E-02 0.160
S1_14440282 2.21E-02 0.160
S2_61888935 1.31E-02 0.140
S3_7230280 2.18E-02 0.160
S3_7230281 2.18E-02 0.160
S3_7230275 2.18E-02 0.160
S3_7230278 2.18E-02 0.160
S3_7231007 1.06E-02 0.129
S3_7222075 1.56E-02 0.156
S8_53602187 7.77E-03 0.124
S1_56871298 9.75E-03 0.128
S2_61886471 8.71E-03 0.124
S2_61886473 8.71E-03 0.124
S1_46097621 6.92E-03 0.124
S2_61887636 7.21E-03 0.124
S2_71773005 4.57E-03 0.111
S2_77175615 7.82E-03 0.118
S2_61888021 4.07E-03 0.111
S2_61888022 4.07E-03 0.111
S2_61884861 3.47E-03 0.111
S2_61884862 3.47E-03 0.111
S3_13870895 1.25E-02
S3_13871156 3.21E-03 0.111
S3_13871180 3.21E-03 0.111
0.140
S3_13875989 1.07E-04 0.020
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Supp. Figure 1. LD between associated markers present on chromosome 1. X and Y axis correspond 
to each marker according to its position on the chromosome. The black line corresponds to the 
comparison between the same marker. 
 
 
Supp. Figure 2. LD between associated markers present on chromosome 2. X and Y axis correspond 
to each marker according to its position on the chromosome. The black line corresponds to the 
comparison between the same marker. 
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Supp. Figure 3. LD between associated markers present on chromosome 3. X and Y axis correspond 
to each marker according to its position on the chromosome. The black line corresponds to the 
comparison between the same marker 
 
 
 
Supp. Figure 4. LD between associated markers present on chromosome 4. X and Y axis correspond 
to each marker according to its position on the chromosome. The black line corresponds to the 
comparison between the same marker 
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Supp. Figure 5. LD between associated markers present on chromosome 5. X and Y axis correspond 
to each marker according to its position on the chromosome. The black line corresponds to the 
comparison between the same marker 
 
 
 
Supp. Figure 6. LD between associated markers present on chromosome 6 and 8. X and Y axis 
correspond to each marker according to its position on the chromosome. The black line corresponds 
to the comparison between the same marker 
